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ABSTRACT AND KEYWORDS  
 
ABSTRACT:  
Nowadays, energy efficiency improvement is very important for China to ensure national energy 
security and economic development, and to reduce environmental load to mitigate the criticism 
pressures from the internationally environmental organizations and many countries. Because almost all 
of China urban existing residential buildings are of poor energy performance, it is very important and 
urgent that the buildings be improved for energy savings to give contribution to national energy 
efficiency. Many studies in the developed countries had proven that energy-efficient renovation of 
existing residential buildings holds a great benefit, not only in energy conservation, but also in decrease 
of environmental pollution and improvement of air quality, etc. Considering the shortcomings in the 
field of China building energy efficiency and the disadvantages of indiscriminately applying the 
experience from the developed countries, the study is to establish a scientific and comprehensive 
evaluation system to direct the energy-efficient renovation of the existing residential buildings of China. 
The objectives for the establishment of evaluation system are expressed as follows: (1) the system will 
recover the gap between occupants’ lifestyle and building energy-efficient renovation to advance 
energy-saving measures; (2) the system will recover the gap between surrounding outdoor environment 
and building energy-efficient renovation to advance energy-saving measures; (3) the system will link 
simulative energy-saving effect with actual energy consumption level to accurately evaluate study 
outputs; and (4) the system will recover the gap between life-cycle assessment with building 
energy-efficient renovation (in China) to further evaluate CO2 emission and cost reduction effect. In the 
verification process of the evaluation system, the objectives for the case studies are expressed as 
follows: (1) ascertaining the energy consumption level and energy performance of existing residential 
buildings of Hangzhou; (2) distinguishing the feasible, rational and effective energy-saving measures, 
and exclude the infeasible or useless ones to design suitable renovation plans for energy-efficient 
renovation of the case buildings respectively; (3) evaluating accurately the benefits from 
energy-efficient renovations of the buildings in reducing energy consumption, CO2 emission and cost; 
and (4) identifying the currently economic barriers to implementation of energy-efficient renovation of 
the buildings, and put forward the corresponding feasible advices. 
 v
 
 
A suitable energy-efficient renovation plan and accurate evaluation of its effects are very crucial to the 
successful implementation of energy-efficient renovation of an existing building. After analyzing the 
correlation among building envelope, occupants’ lifestyle, surrounding outdoor environment and 
building energy consumption, the study developed a comprehensive evaluation system for 
energy-efficient renovation of existing residential buildings. The core elements of the evaluation 
system includes three parts: (1) energy-saving measures, (2) their effects and (3) evaluation methods. It 
is the first time (1) to integrate improving outdoor environment, (2) improving occupants’ lifestyle into 
the evaluation system to bring out energy-saving measures for energy-efficient renovation of existing 
residential buildings; (3) to integrate LCA into evaluation system to more comprehensively evaluate the 
energy-saving measures and plans for energy-efficient renovation in the field of China building 
energy-efficient renovation study; and (4) to integrate revision process into evaluation system for 
energy-efficient renovation to produce more accurate outputs for energy-efficient renovation. The 
functions of the method can be described as follows: (1) distinguishing the effective energy-saving 
measures and exclude the infeasible and/or useless measures from improving building envelope, 
improving outdoor environment and improving occupants’ lifestyle; (2) estimating the effects of the 
measures on energy conservation, CO2 emission and cost; and (3) integrating all effective measures 
into a suitable plan to maximize the benefits of energy-efficient renovation with least cost. In order to 
accomplish the expected and wishful missions, this comprehensive evaluation system integrates 10 
methods, including (1) site investigation, (2) energy-saving education, (3) climatic analysis, (4) 
variable analysis, (5) lifestyles analysis, (6) thermal simulation, (7) CFD analysis, (8), revision 
provision, (9) LCCO2 analysis, and (10) LCC analysis. 
 
After analyzing step by step the climatic characteristic of the hot summer and cold winter region, the 
economic situation and the development history of residential buildings in the city of Hangzhou of 
China, three typical buildings were selected as case buildings to verify the usefulness of the evaluation 
system. The case studies demonstrate in detail how to apply the evaluation system to deal with real 
projects. 
 
 vi
 
The case studies have proven that a suitable plan can be brought out and its effects on energy 
conservation, CO2 emission and cost reduction can be accurately evaluated by following this system. (1) 
The system applies thermal simulation, lifestyle analysis and CFD analysis to evaluate the 
energy-saving effects of the measures, respectively, from three routes (improving building envelope, 
improving occupants’ lifestyle and improving surrounding outdoor environment) for energy-efficient 
renovation of existing buildings; (2) The system modifies the simulative energy-saving effects of the 
measures to be more accurate by combining the actual energy consumption level of subject building; (3) 
The system applies the simple LCCO2 method to evaluate CO2 emission reduction effects of the 
measures;(4) The system integrates all feasible and effective measures into the suitable plan for subject 
building, after excluding the unfeasible and useless ones, based on the energy-saving effects and CO2 
emission reduction effects of the measures; and (5) The system evaluates the energy-saving effect, CO2 
emission and cost reduction effects of the suitable plan for subject building. 
 
At the same time, in the verification process, some important findings are drawn as follows: (1) 95% of 
urban existing residential buildings of Hangzhou are of poor energy performance. Due to the relative 
low living standard, the annual household energy consumption is 30~45 kWh/m2, about 1/3 for heating 
and cooling loads; (2) Improving building envelope can save 30~50% of heating and cooling loads; 
Improving occupants’ lifestyle can save more than 10% of all household energy consumption; 
Improving surrounding outdoor environment can reduce about 0.5℃ of the mean air temperature of 
surrounding outdoor environment; (3) Energy-efficient renovation of existing residential buildings of 
Hangzhou can reduce great amount of greenhouse gas emission; and (4) Since the currently electricity 
price system of China may hamper the implementation of energy-efficient renovation of existing 
buildings, China government should provide certain subsidy for it, and increase the electricity price 
gradually. The most important findings from the case studies: (1) the effect of improving occupants’ 
lifestyle is the most remarkable among the three fields in energy-efficient renovation; (2) the economic 
benefit of energy-efficient renovation is negative due to the too cheap electricity price. 
 
KEYWORDS: existing residential building, energy-efficient renovation, energy conservation, CO2 
emission reduction, building envelope, occupants’ lifestyle, outdoor environment, LCA, 
revision process 
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CHAPTER 1:  
INTRODUCTION AND PURPOSE OF THE STUDY 
 
1.1. BACKGROUND  
1.1.1. Importance of Energy Efficiency Improvement for China 
Nowadays, energy efficiency improvement is very important for China to ensure national energy 
security and economic development, and to reduce environmental load to mitigate the criticism 
pressures from internationally environmental organizations and countries. 
 
Together with the strong economic growth since 1978 when China began Economic Reform, China’s 
demand for energy is surging rapidly. The following figure (Fig.1.1) clearly shows the currently severe 
situation of China energy supply. The increased energy consumption of China in the last decades had 
brought several environmental problems. Environmental pollution from fossil fuel combustion is 
damaging human health, air and water quality, agriculture, and ultimately the economy. Many of 
China’s cities are among the most polluted in the world. China is the world’s second-largest emitter of 
carbon (Shown in Fig.1.2) (Energy Information Administration, 2006). 
 
The data indicate that the strain on natural resources is correspondingly large. Chinese central and local 
Governments are intent on balancing their growing need for energy with the economic, health, and 
social costs of increased energy use. Finding a satisfactory balance of priorities will be paramount for a 
nation that will soon become the largest energy consumer in the world. At the same time, much of 
worldwide attention is given to the growth of carbon emissions from China, although China is a 
non-Annex I country under the United Nations Framework Convention on Climate Change, meaning 
that it is not bound to any greenhouse gas emissions reduction targets set under the Kyoto protocol. 
 
Chinese Governments has taken several steps to improve environmental conditions all over the country. 
Chief among these is energy efficiency improvement, because the current efficiency of energy 
utilization of China (Shown in Fig.1.3) is very low, especially compared to the industrialized countries 
(BP, 2008 and World Bank, 2008). Hence, energy efficiency remains one of the areas in which China 
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could make a further significant impact. A World Bank study (International Bank for Reconstruction 
and Development, 1997) estimated that if China raised energy efficiency to levels comparable to the 
countries in the Organization for Economic Cooperation and Development, its energy savings would be 
250 million tons coal equivalent, or one-sixth current consumption. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1.1. Increase Trend of China’s Energy Consumption in Last Decades 
(Resource: Energy Information Administration, Chinese Energy Data, 2006) 
 
 
 
 
 
 
 
 
Fig.1.2. CO2 Emissions from Energy Activities in 2004 
(Resource: Energy Information Administration, Chinese Energy Data, 2006) 
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Fig.1.3. Comparison of Efficiencies of Energy Utilization of China and Industrialized Countries in 2007 
(Resource: (1) BP, BP Statistical Review of World Energy, 2008; (2) World Bank, Domestic Product-2007, 2008) 
 
Finally, both the domestic energy crisis and the abroad environmental pressures had made energy 
efficiency improvement one of the basic national policies in the 11th Five-year Economic Growth Plan 
of China. 
 
1.1.2. Importance of Energy Efficiency Improvement for China Building Sector 
Energy efficiency improvement is very important for China building sector, because 45.5 percent are 
consumed for buildings of the total primary energy consumption of China, from the life cycle 
assessment (LCA) perspective (Li et al., 2006a). The detailed distribution of building energy 
consumption is shown as (Fig.1.4).  
 
 
 
 
 
 
Fig.1.4. Distribution of Energy Consumption for Buildings 
(Resource: Li et al., Pondering over the Situation of Domestic Generalized Building Energy Consumption, 
Architectural Journal, 2006. Rearranged by author) 
 
China today is experiencing migration to urban areas on a scale unprecedented in human history, and 
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construction site can be found everywhere in most cities of China. The urbanization rate is expected to 
reach 55% in 2020 and 58% in 2030, the population in the urban zone is projected to increase from 460 
million in 2000 to 830 million in 2030, with an average annual growth rate of 2% (Toth et al., 2003). 
Since 2000, the floor space of China’s new buildings has been growing at a rate of nearly two billion 
square meters every year. The rate of growth of the building sector and the monumental amount of 
current energy consumption offers immense challenges (Jin et al., 2008). Hence, building energy 
efficiency is directly related to abatement of the tight energy supply and global climatic change and 
sustainable development. 
 
However, few people in China were interested in energy efficient buildings before 2000. The lack of 
concern about energy consumption was endemic, apparent not only in the building sector, but also in 
most of China’s industrial sectors. As one of the biggest parts of total national energy consumption, 
building energy consumption catches public eyes and has been regarded as a crucial problem of the 
current society. With rapid economic growth, there is a growing desire for better indoor built 
environment, particularly in winter space heating and summer comfort cooling. It is envisaged that the 
building sector will continue to be a key energy end user in the years ahead. Scientific studies have 
predicted that, assuming future economic growth consummate with recent growth patterns, the energy 
consumed by buildings in China may reach 1.1 billion tons of standard coal equivalent by 2020, 
assuming no improvements to building energy performance (Qiu, 2007). 
 
Therefore, the need for improving building energy efficiency is apparent and, increasingly, data is 
available to show its urgency. 
 
1.1.3. Importance of Energy Efficiency Improvement for China Urban Existing Residential 
Buildings 
Energy efficiency improvement is very important for China urban existing residential buildings, 
because almost all of them are of poor energy performance. 
 
In contrast with the aggressive energy standards for buildings in the industrialized countries, few 
Chinese provisions expressly pertained to energy efficiency in its numerous building codes and 
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standards before 2000. At that time, the whole country had only one national building standard 
JGJ24-1986 (Ministry of Construction of China, 1986) dealing with energy savings, which covered 
only residential buildings in the cold and very cold region and was poorly implemented in any case. 
While the first residential energy conservation design standards (JGJ134-2001 and JGJ75-2003), 
respectively for the hot summer and cold winter region (Ministry of Construction of China, 2001) and 
the hot summer and warm winter region (Ministry of Construction of China, 2003), were issued until in 
2001 and in 2003.  
 
Table 1.1. Design Standards about Heat Transfer Coefficient of Building Envelope of Different Countries (w/m2·k) 
Country Roof Exterior wall Exterior windows 
Hangzhou, China (JGJ134–2001) 1.0, 0.8 1.5, 1.0 4.70 
Beijing, China (JGJ26-1995) 0.8, 0.6 1.16, 0.82 4.00 
South part, Sweden (including Stockholm) 0.12 0.17 2.00 
Denmark 0.20 
0.30(Weight≤100kg/m2) 
0.35(Weight>100kg/m2) 
2.90 
Britain 0.45 0.45 Double glass 
Germany 0.22 0.50 1.50 
America (The heating degree days is 
equivalent to that of Beijing) 
0.19 
0.32 (Interior insulation) 
0.45 (Exterior insulation) 
2.04 
Canada (The heating degree days is equivalent 
to that of Beijing) 
0.23 
0.40 
0.38 2.86 
Hokkaido, Japan 0.23 0.42 2.33 
Tokyo, Japan 0.66 0.42 6.51 
(Resource: World bank/Global environment funds, Heating system reform and energy-efficient buildings in China, 
2008) 
 
The heat transfer coefficients of building envelope in design standards from different countries are 
compared in Table 1.1 (World bank/Global environment funds and Heating system reform and 
energy-efficiency buildings in China, 2008). If the parameters of some residential building are not 
more than those in the corresponding standards (JGJ134–2001 and JGJ26-1995), the building can be 
called as one “energy-efficient residential building”. But unfortunately, the parameters of almost 
residential buildings constructed before the issued years of the corresponding energy-efficient 
standards were less than those in the standards, of course, far less than those in the energy-efficient 
standards of the developed countries. Hence, in the absence of compelling energy-efficient standards, 
many residential buildings in China were constructed and the day-to-day operations of them continued 
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to consume large amount of energy and emit large amount of greenhouse gas. Obviously, there exists a 
large energy-saving potential that could be realized through energy efficiency improvement of the 
existing residential buildings in China, which should be an important component of the national energy 
strategy. 
 
For example, the overwhelming major of the existing residential buildings (e.g., 47.5 million m2) 
constructed before 2008 in the city of Hangzhou was of poor energy performance. Along with the 
improvement of occupants’ living standard and the deterioration of natural environment in the rapid 
urbanization, the disadvantage of them becomes more serious. Fig.1.5 shows that the total urban 
residential electricity consumption in the city increased by 93.75% whilst the population growth was 
only 9.22% from 2001 to 2006 (Hangzhou Statistics Bureau, 2009). The above data imply that the 
existing residential buildings in the city have an enormous energy-saving potential. 
 
 
 
 
 
 
 
Fig.1.5. Increase of Residential Electricity Consumption with Years in Hangzhou 
(Resource: Hangzhou Statistics Bureau, Hangzhou Statistical Yearbook-2008, 2009. Rearranged by author)  
 
Therefore, it is very important and urgent that the aging residential buildings be improved for energy 
savings to give contribution to national energy security and reducing environmental load. 
 
1.2. LITERATURE REVIEW AND PROBLEM STATEMENT 
Any residential building after construction completion in China will last for at least 50 years before 
final demolition, according to the design code GB50096-1999 (Ministry of Construction of China, 
1999). It also characterizes by an irreversible process in terms of energy consumption during the whole 
operational period due to their long operational life. The day-to-day operations of it will consume large 
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amount of energy because energy savings was not integrated into its beginning construction. When it 
becomes dilapidated and sooner or later something must be done. The possible solutions may be to 
demolish it and construct a new one, or change it through energy efficiency improvement. In order to 
attain the best benefits in reducing energy consumption and the sequent environmental and economic 
loads from the improvement of it, it is certainly to take into energy savings account, no matter which 
choice is selected. 
 
In order to take valid experience from previously relevant studies, equally, to avoid the possible 
mistakes that are not in favor of accomplishing the ideal targets, the study will take a very detailed 
literature review and corresponding analysis to find out a best solution (improvement plan) with 
detailed and accurate evaluation of its effects,  
 
1.2.1. Researches about Energy-efficient Renovation of Existing Buildings in Developed 
Countries 
It is expected to take advantage of the experience of developed countries. Whether the construction or 
the refurbishment of modern buildings of China are behind the world. In developed countries, the 
construction of modern buildings began since the end of Second World War, the refurbishment began 
many years ago, and the relevant energy studies began since the 1970s’ energy crisis. However in 
China, the construction of modern buildings began since 1978, most of the buildings exist less than 20 
years and experience no really refurbishment. Of course, the studies of both building energy efficiency 
and building energy-efficient renovation of China are falling behind the developed countries. In the last 
time of the so-called “refurbishment” activities of the oldest modern aging residential buildings of 
China, only the beautiful external facades were regarded and new paintings were done. 
 
1.2.1.1. Attitude towards Energy-efficient Renovation of Existing Buildings 
It is widely accepted in the developed countries that it is cheaper and more efficient to address energy 
efficiency into those buildings at reconstruction and/or retrofit during the operational stage, because 
demolition of old buildings and construction of new ones will be very costly and also create social 
problems.  
 
 8
Gustafsson (2006) thought that there is a golden opportunity to change its behavior as an energy system 
when a building is subject for refurbishment.  
 
Jakob (2006) considered that maintenance activities on the building envelope, such as plaster renewal, 
painting of facade, roof maintenance, tile replacing, etc., could be used as an occasion to carry out 
energy-saving measures.  
 
Tommerup et al. (2006) thought that energy-saving measures can be implemented relatively 
inexpensive and cost effective in connection with this renovation process as many buildings in 
Denmark face comprehensive renovations in the coming years,.  
 
Kohler (1999) analyzed that because refurbishment (i.e. upgrading to better condition) of the 
existing/ageing buildings offers an opportunity to take cost-effective measures and transforms them to 
resource efficient and environmentally sound buildings, and building refurbishment costs much less 
(even for high investment retrofit operations) than demolition and reconstruction (about half to 
one-third of the cost) in many cases. Some cases in Europe have suggested that we should stop 
constructing additional new buildings, limiting ourselves to improve the existing buildings’ functional 
quality and durability. 
 
Hence, in light of sustainability principles and policies, it makes more sense than ever to renovate or 
refurbish old buildings. Accordingly, the real challenge for the effective implementation is to properly 
retrofit existing buildings in a manner that will use the minimum non-renewable energy, produce 
minimum air pollution as a result of the building operating systems, minimize construction waste, all 
with acceptable investment and operating costs, while improving the indoor environment for comfort, 
health and safety. 
 
Therefore, the study recommends taking renovation and energy efficiency together to energy-efficient 
renovation of the China existing residential buildings, which were constructed with poor energy 
performance.  
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1.2.1.2. Energy-saving Measures for Renovation of Existing Buildings 
The energy-saving measures for renovation of existing buildings advanced by the developed countries’ 
researchers can be classified into three fields: (1) better insulation of building envelope; (2) more 
efficient equipments; (3) renewable energy resources.  
 
Energy saving measures could result from the improvement of the central heating systems and 
buildings’ shell insulation, after analyzing the attributes of Greece’s existing residential buildings 
(Papadopoulos et al., 2002).  
 
The insulation of external walls is too important in energy-efficient retrofit of existing buildings for 
Kutahya in Turkey (Arslan et al., 2006).  
 
The hierarchy of energy-saving measures for the existing residential buildings in Belgium in executing 
the most effective and durable measures first: (1) insulation of the roof; (2) insulation of floor; (3) 
thermally better performing glazing; (4) more energy efficient heating system; (5) renewable energy 
systems (Verbeeck et al., 2005).  
 
Building envelope improvements for reduced energy consumption are typically measures that improve 
the thermal characteristics of the envelope and/or that increase solar gains through the transparent parts 
of the envelope (Hestnes et al., 2002). 
 
When renovating residential buildings, one should primarily deal with energy-saving measures related 
to the building envelope, i.e. insulation improvements of external walls, windows, floors, and roof 
structures (Tommerup, 2006).  
 
Significant economic advantages come out from high-performance envelope of existing residential 
buildings in Italy (Lollini, 2006).  
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Thermal insulation measures (additional insulation, improved window systems, etc.) in buildings in 
Swiss with previously non-insulated building envelopes (walls, roofs or cellars) are profitable in most 
cases (Jakob, 2006).  
 
Energy required for buildings operation can be decreased considerably by enhancing insulation of the 
building’s envelope. Although the efficient building material has more embodied energy than 
traditional material, a very large amount of extra energy consumption in manufacturing insulating 
material can be offset by energy savings during the first years of occupancy of buildings. Thus the 
energy-saving measures permit consumers to reduce eventually significant energy consumption from a 
life-cycle analysis point of view. Embodied energy in production phase has more important share in the 
total energy needed in the low energy buildings, whereas material recycling and combustion after the 
demolition offers a potential of reducing 40-50% of embodied energy in the northern European 
countries such as Sweden (Thormark, 2002).  
 
Balaras et al. (2007) assessed a total of 14 energy conservation measures for renovation of Hellenic 
existing residential buildings, and concluded that two of the most effective energy conservation 
measures are the insulation of external walls (33-60% energy savings) and the installation of 
double-glazed windows (14-20%). 
 
Chief among the three fields, increases in insulation of building envelope have proven to constitute an 
important instrument in the efforts to alleviate the pressures of energy shortages. Therefore, in the 
energy-efficient renovation of any subject building, energy-saving measures by improving building 
envelope should be firstly integrated into renovation plan. 
 
1.2.1.3. Evaluation Methods for Energy-efficient Renovation of Existing Buildings 
The relevant studies usually applied dynamic thermal simulation or theoretical formulas to evaluate 
energy-saving effects and LCA method to evaluate the environmental and economic loads. 
 
Theoretically, the energy-saving effect of energy-efficient renovation can be calculated by comparing 
the difference in energy consumption of subject building pro- and post-renovation. Dynamic thermal 
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simulation with computer is a widely used method to evaluate the energy performance of buildings. In 
many cases, some thermal simulation programs developed by authors were applied to conduct such 
studies. In relatively simple cases, theoretical formulas are enough. Lollini et al. (2006) conducted the 
energy simulations using the EC501 software, is based on the Italian standard legislative framework in 
force at the time of the work’s execution, to calculate the energy performance of buildings during the 
heating season. Finally, they used LCA analysis to optimize the opaque component of building 
envelope from energy, environmental and economic issues. Poel et al. (2007) developed a new method 
for the energy performance assessment of existing dwellings (EPA-ED), which is based on a systematic 
approach and provides various tools including a software tool to perform the energy performance 
assessment of a building, to direct the renovation of the existing buildings stock in European countries. 
 
Due to the more serious worldwide environmental problems (especially greenhouse gas emission) 
induced by the combustion of fossil fuel, the impact of the measures on energy and emissions was 
assessed through a life cycle inventory of the primary energy consumption and the CO2 emissions from 
cradle to grave. In addition, the economic benefit was proven to encourage the implementation of such 
projects, by using the same method. Arslan et al. (2006) firstly calculated the energy performance of 
different insulation thickness of external walls following the heat transfer formula of conduction 
through a wall at steady-state, then from economic viewpoint and through LCA method, ascertained 
the optimum insulation thickness in energy-efficient retrofit of existing buildings for Kutahya in 
Turkey. The same methods had also been applied by Gustafsson (2000) to direct energy-efficient 
renovation of the existing residential buildings of Sweden. 
 
Accurate evaluation of energy-saving renovation measures is very important in real projects, hence 
appropriate evaluation index(es) and corresponding method(s) should be considered seriously when 
designing the renovation plan for subject building(s). 
 
1.2.1.4. Benefit from Implementation of Energy-efficient Renovation of Existing Buildings 
Energy-efficient renovation holds a great benefit. Besides energy conservation, the implementation of 
energy-efficient renovation of existing residential buildings could also decrease environmental 
pollution and improve air quality by reducing harmful gases and dust particles. In addition, the 
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implementation could effectively increase indoor thermal comfort, and improve the living environment 
and promote the health of the inhabitants.  
 
Tommerup et al. (2006) illustrated that a profitable savings potential of energy used for space heating 
of about 80% is identified over 45 years (until 2050) within the Danish residential building stock if the 
energy performances are upgraded when those existing buildings are renovated. 
 
From an energy-economic point of view, additional insulation measures are cost-efficient because 
ancillary benefits which cannot all be acquired privately (e.g. avoided costs caused by illness or by loss 
of earnings), as well as avoided external costs with regard to conventional air pollutants (in the range of 
0.008–0.034 CHF/kWh) and to greenhouse gas emissions (in the range of 0.045–0.08 CHF/kWh) have 
to be included in the consideration (Jakob, 2006). 
 
Gustafsson (2006) considered that a saved or conserved kWh electricity will lead to lower emissions of 
CO2. This is so even if the actual reduction is achieved abroad. 
 
The optimum insulation thickness of external walls in existing buildings for Kutahya in Turkey based 
on the thermoeconomic analysis was 0.060, 0.065, 0.075 m with a rate of 74.9%, 76.3% and 78.8% in 
the reduction of energy saving and CO2 emission for indoor temperature of 18, 20 and 22℃, 
respectively (Arslan et al., 2006). 
 
Lollini et al. (2006) demonstrated the significant global benefits of well-insulated buildings based upon 
energy, economic and environmental factors.  
 
Hestnes et al. (2002) showed that it was possible to significantly reduce energy consumption in existing 
European office buildings by using passive and low energy technologies. 
 
Siller (2007) found that a reduction in total energy consumption and CO2 emissions of the Swiss 
residential building stock could be reached by reducing the specific heat demands of existing buildings 
during renovation.  
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Gaglia et al. (2007) concluded that energy efficiency in buildings can result in a multitude of positive 
effects: decrease the use of fossil fuels; alleviate the burdens of energy imports; and reduce green house 
gas emissions. 
 
Cakmanus (2007) thought that energy-efficient renovation of existing office buildings in Turkey 
showed that 47% of total energy consumption of buildings can be saved, and every reduction in 
energy-usage has a significant influence on environmental protection and CO2 emissions. 
 
The core beneficiaries are energy-efficient enterprises, end-users and governments (see Fig.1.6). The 
realization of each entity’s benefit is not isolated, but associated and correlated to energy-efficient 
renovation. To occupants—end-users, energy-efficient renovation will directly bring more comfortable 
indoor environment and cut down domestic budget for less electricity consumption than before. To 
nation—governments at all levels, energy-efficient renovation will help to consuming less energy 
consumption to complete more missions, further less energy consumption means less environmental 
load and facing less tight pressure from internationally environmental organizations. Certainly, the 
whole society will benefit from the clean environment. If distributed rationally, long-term economic 
benefit from LCA viewpoint will encourage investors, energy-efficient enterprises, to invest more such 
projects of energy-efficient renovation of existing buildings with poor energy performance. 
 
 
 
 
 
 
 
Fig.1.6. Benefit from Energy-efficient Renovation 
 
1.2.1.5. Limitation of Relevant Studies in Developed Countries 
Many studies about building energy efficiency had analyzed the influence of outdoor environment 
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around buildings and indoor occupants’ lifestyle on building energy consumption, but not linked the 
energy-saving measures from the two fields (improving surrounding outdoor environment and 
improving occupants’ lifestyle) with energy-efficient renovation of existing residential buildings. 
 
The influence of surrounding outdoor environment of buildings on their cooling loads, especially peak 
loads had been discussed in many studies. Raeissi et al. (1999) analyzed the energy saving by proper 
tree plantation around buildings. Shashua-Bar et al. (2000) analyzed the cooling effect of vegetation as 
a climatic component in the design of an urban street. Flor et al. (2004) analyzed the interaction 
between building’s energy balance and their surrounding by modeling microclimate in urban 
environments and assessing its influence on the performance of surrounding building. 
 
The influence of occupants’ lifestyle on building energy consumption also had been discussed in many 
studies. Papakostas et al. (1997) presented the energy behavior, which influences the generation of 
internal heat gains in an “average” Greek family home. They concluded that occupation patterns, use of 
electric appliances, and occupants activities influenced the generation of heat in residences, the results 
can be used for the calculation of cooling loads in residence buildings and for the simulation of 
occupants’ behavior in building energy models. Andrade (2001) monitored three households in 
Portugal to contribute to a better understanding of energy consumption and use in domestic sector. 
Al-Mumin et al. (2003) analyzed the influences of occupants’ behavior and activity pattern on energy 
consumption in the Kuwaiti residences. 
 
If the benefits through improving outdoor environment and/or improving occupants’ lifestyle were 
remarkable, energy-saving measures from the field(s) should not be neglected in energy-efficient 
renovation of existing residential buildings. 
 
1.2.2. Shortcomings in China Residential Building Energy Study 
Although the harmony among people, building and surrounding environment was paid much attention 
in construction activities in China ancient times, this excellent tradition had been abandoned nearly 
since the foundation of New China in 1949. Especially after 1978, Chinese government and thereby 
people paid too much attention on economic development, and gained a very noticeable performance in 
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last decades, but at the expense of the exhaustion of the natural source and the deterioration of the 
natural environment. Until the end of the last century, they gradually realized again the importance of 
energy efficiency mainly as energy shortage became the bottleneck of the economic development.  
 
Despite of the great effort and development of the activities and research on residential building energy 
efficiency in recent years in China, especially comparing to the developed countries, there are still 
several disappointed shortcomings as follows. 
 
(1) Energy-efficient retrofit of existing residential buildings have developed for more than 10 years in 
some developed countries, while the main attention of China is still paid on new residential buildings. 
Such phenomena are concentrated in the building energy-efficient standards, which are issued mainly 
for construction of new energy-efficient buildings. 
 
(2) The developed countries try to improve the public energy-efficient awareness, and how to reduce all 
energy consumption in domestic life by optimizing occupants’ lifestyle, while the corresponding 
studies on energy efficiency of residential buildings in China focus mainly on the high-technical 
energy-saving measures and neglect the influence of lifestyles on residential energy consumption.  
 
(3) The developed countries try to reduce the all energy consumption (heating, cooling, lighting, 
ventilation, cooking, etc.) in domestic life, while the corresponding studies on energy efficiency of 
residential buildings in China focus only on the annual heating and cooling energy consumed at 
operation stage and how to reduce it. Heating and cooling loads accounts for about one-third of all 
domestic energy consumption, the residual are consumed for other purposes, such as cooking, lighting, 
entertainment, etc., so major part of all domestic energy consumption should not be neglected. 
 
(4) The developed countries apply LCA (Life-Cycle-Assessment) method to evaluate the energy 
performance of residential buildings and effectively minimize the energy, environmental load and 
economic profit, while the corresponding studies on energy efficiency of residential buildings in China 
focus only on the energy consumption at operational stage, without the consideration of that consumed 
at construction, maintenance, and disposal stages. China began to care “sustainable building” and 
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“LCA method”, but most papers just introduced the concept, the framework, …etc. of LCA (Li et al., 
2004, Lin et al., 2005, Zhen et al., 2001 and Zhang, 2002), and the use in the developed countries and 
districts (Zhang, 2002). Although having been introduced into building energy and environment field in 
China for several years, the LCA methodology was mostly applied to analyze the embodied energy 
or/and the impact on environment of some building materials, not the building (Yin, 2004, Zhao et al., 
2004, Gong et al., 2004, Chen et al., 2004a and Liu, 2002).  
 
(5) Computer simulation is a good tool to evaluate and predict the energy-saving effects of 
measures/technologies, but in China the simulative results without combination with the actual 
information are often mistaken for the truly outputs and lead to wrong energy policies. After all, the 
energy consumption level of building is very different in simulation and in fact. 
 
The shortcomings are summarized in Table 1.2 and can be found in all levels energy-efficient standards 
of China (Ministry of Construction of China, 2001, Department of Construction of Zhejiang Province, 
2003 and Hangzhou Construction Committee, 2002). Therefore, the shortcomings should be avoided or 
improved when dealing with the existing residential buildings. 
 
Table 1.2. Differences in Study Field between China and Developed Countries 
NO. China Developed countries 
1 New buildings Existing buildings 
2 High-technological measures Also including household lifestyles 
3 Heating and cooling load in operational stage All energy consumption in domestic life  
4 Energy consumption in operational stage LCA, energy consumption, environmental loads in all stages 
5 Mistake simulative results for truly output  
 
1.2.3. Relevant Studies on Energy-efficient Renovation of Existing Buildings in China 
Now, almost all attentions and efforts of China governments and researchers are paid on new 
residential building, energy-efficient retrofit of existing residential buildings just started in China is still 
dispersed and in a pilot status. 
 
Zhao et al. (1999) studied the energy-saving measures for energy-efficient renovation of the existing 
residential buildings in Haerbin. They brought out the energy-saving measures by improving building 
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envelope. 
 
Peng et al. (2003) studied the technology for energy-efficient renovation of existing residential 
buildings in the hot summer and cold winter region. They brought out the energy-saving measures by 
improving building envelope and very briefly made mention of improving outdoor environment. 
 
Sun (2004) analyzed the detailed construction technology of the energy-saving measures by improving 
building envelope for existing residential buildings. 
 
Zhao et al. (2007) analyzed the technology for energy-efficient renovation of existing residential 
buildings in the hot summer and cold winter region. They brought out the energy-saving measures by 
improving building envelope and compared the energy-saving effects of the energy-saving reform 
through thermal simulation by using the Chinese Doe version software (CHEC). 
 
Zhang (2007) analyzed the energy-saving measures for energy-efficient renovation of existing 
buildings in the hot summer and warm winter region. She brought out the energy-saving measures by 
improving building envelope, equipments’ efficiency and applying solar energy for hot water system. 
 
Ouyang et al. (2008a) analyzed the effects on energy conservation, CO2 emission and cost reduction of 
energy-efficient renovation of existing residential buildings of Hangzhou. 
 
Those pilot studies have many limitations. No matter energy-saving measures, or evaluation methods 
were conducted according to the current building energy-efficient standards of China. Increase in 
insulation of building envelope is an accepted measure. More efficient centralized heating system is 
also effective in North China. But they only used thermal simulation to evaluate the energy-saving 
effect, and calculated the payback years of investment only based on simulative results, not considered 
the current energy consumption level of subject building and the effect of energy-efficient renovation 
on environmental loads. 
 
Due to those limitations, the pilot studies integrated useless measures into energy-efficient renovation 
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plan, and exaggerated the energy-saving effect and economic benefit too much, so the effect cannot be 
actualized as expected, and would lead wrong advice and policies. 
 
Additionally, the experience or results for the developed countries cannot be applied indiscriminately in 
China, because the energy price system and energy consumption level of China are very different to 
those of developed countries. 
 
Therefore, it is very important for China to make use of the advanced experience of the developed 
countries, and establish a scientific and comprehensive evaluation system to direct energy-efficient 
renovation of existing residential buildings and evaluate comprehensively and accurately the potential. 
 
1.3. OBJECTIVES OF STUDY 
The total target of the study is to establish a scientific and comprehensive evaluation system to direct 
the energy-efficient renovation of the existing residential buildings of China. The objectives for 
evaluation system establishment are expressed as follows: 
 
(1) The evaluation system will integrate improving occupants’ lifestyle into building energy-efficient 
renovation to advance energy-saving measures; 
 
(2) The system will integrate improving surrounding outdoor environment into building 
energy-efficient renovation to advance energy-saving measures; 
 
(3) The system will combine simulative energy-saving effect with actual energy consumption level to 
accurately evaluate study outputs. 
 
(4) The system will integrate life-cycle assessment into building energy-efficient renovation (in China) 
to further evaluate CO2 emission and cost reduction effect. 
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And, in the validation process of the evaluation system, the objectives for the case studies are 
expressed as follows: 
 
(1) Ascertaining the energy performance and actual energy consumption of existing residential 
buildings of Hangzhou, and the energy-saving potential of energy-efficient renovation of them. 
 
(2) Distinguishing the feasible, rational and effective energy-saving measures, and exclude the 
infeasible or useless ones for energy-efficient renovation of the buildings; 
 
(3) Evaluating accurately the benefits from energy-efficient renovations of the buildings in reducing 
energy consumption, CO2 emission and cost; and 
 
(4) Identifying the currently economic barriers to implementation of energy-efficient renovation of the 
buildings, and put forward the corresponding feasible advice. 
 
1.4. RESEARCH CONTRIBUTION 
This evaluation system should recover all the aforementioned shortcomings, and can be applied to 
predict accurately and minimize the energy consumption of residential buildings, and the relatively 
environmental and economic effects. Under this expectation, the characteristics of the evaluation 
system should be described as follows:  
 
(1) Integrating improving outdoor environment into the evaluation system for energy-efficient 
renovation to bring out energy-saving measures; 
 
(2) Integrating improving occupants’ lifestyle into the evaluation system for energy-efficient renovation 
to bring out energy-saving measures;  
 
(3) Integrating LCA into the evaluation system for energy-efficient renovation to more 
comprehensively evaluate energy-efficient renovation measures and plans; and 
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(4) Integrating revision process into the evaluation system for energy-efficient renovation to produce 
more accurate outputs by combining actual energy consumption level with the simulative outputs. 
 
1.5. SCOPE OF STUDY 
China has an area of about 9.6 million km2 and a great diversity in climate in different regions. 
According to the specification of the standard GB50176-1993 (Ministry of Construction of China, 
1993), China is classified into five regions (see Fig.1.7). Accumulating since 1978, there are 
innumerable residential buildings subject to refurbishment in the foreseeable future due to 
contaminative urban environment and bad protective system for buildings in Chinese cities. So there is 
a golden opportunity with refurbishment to improve their energy performance. In order to avoid 
repeatable mass workload, it is very sensible to select several typical residential buildings from typical 
region, typical city to identify feasible and effectively approaches to improve the existing residential 
buildings with poor energy performance of China. First, this research intends to select three urban 
existing residential buildings in the city of Hangzhou in the region of China as research subject. 
 
 
 
 
 
 
 
 
 
 
 
Fig.1.7. Climatic Regions in China, and Hangzhou’s Location 
(Resource: Ministry of Construction of China, Energy-efficient Standard JGJ134-2001, 2001. Rearranged by 
author) 
 
At present, the acknowledged measures that can effectively reduce energy consumption of residential 
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buildings come from the five routes: (1) optimization of the surrounding outdoor environment of 
buildings, such as buildings’ layout, green space, neighborhood arrangement, etc.; (2) better insulation 
of building envelope (exterior wall, windows, roof, etc.); (3) improving occupants’ lifestyles; (4) 
enhancement of the energy efficiency of household equipments, such as lighting, air-conditionings, etc.; 
(5) application of renewable energy to substitute for traditional energy, such as underground heat, 
biomass energy, etc. But the last 2 fields are beyond the scope of the study and the capacity of the 
author, therefore, secondly, this research intends to study the measures from the first 3 fields. 
 
Common LCA involves the all stages of buildings (design, construction, maintenance, disposal). But it 
is not necessary to do so in this study on building energy-efficient renovation. Third, LCA analysis in 
the study only takes into account the energy-efficient renovation and the sequent changes in energy 
consumption, environmental load and cost. 
 
1.6. DISSERTATION OUTLINE 
This dissertation consists of five chapters as shown in Fig.1.8.  
 
It begins with Chapter 1, firstly explanation on the background of the study together with the problem 
statement of research, then the objective and the scope of study are also introduced in this chapter.  
 
Followed by Chapter 2, a scientific and comprehensive evaluation system for energy-efficient 
renovation of China urban existing residential buildings is developed and explained. 
 
Chapter 3 uses the evaluation system to design suitable energy-efficient renovation plans and evaluate 
their potential for three case buildings. 
 
Chapter 4 discusses the value of the evaluation system, points out the future development of the 
evaluation system, and finally summarizes the findings in the case studies. 
 
Finally, the conclusions of dissertation are drawn in Chapter 5 as the last chapter, related 
recommendations and future work are also mentioned. 
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Fig.1.8. Dissertation Flowchart 
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CHAPTER 2: 
ESTABLISHMENT OF COMPREHENSIVE EVALUATION SYSTEM FOR 
ENERGY-EFFICIENT RENOVATION 
 
2.1. ESTABLISHMENT OF EVALUATION SYSTEM 
Different to common chemical or physical experiments, the refurbishment of an existing residential 
building, as same as the construction of a new residential building, is very costful and cannot be 
repeated optionally. If, after the project completion, decision-makers (owners, designers, 
energy-efficient enterprisers, and/or governmental managers) find that the building’s conditions or 
quality is not satisfied, and/or the benefits is not up to the expectation, to renovate the building again is 
a very expensive and difficult decision for them. Therefore, a suitable energy-efficient renovation plan 
and accurate evaluation of its effects are very crucial to the successful implementation of 
energy-efficient renovation of an existing building. The suitable plan should include integrate all 
possibly feasible and effective energy-saving measures and reversely exclude the infeasible and/or 
useless ones. In the process of the design of a suitable plan, the selection of energy-saving measures 
and the evaluation of their effects on energy conservation, CO2 emission and cost reduction are of 
importance. 
 
2.1.1. Energy-saving Renovation Measures and Suitable Plan 
2.1.1.1. Measures by improving building envelope 
Firstly, the energy-saving measures belonging to the field of improving building envelope should be 
integrated into the suitable plan after analyzing their effects. 
 
The energy performance of a building is determined largely by the thermal performance of its envelope, 
because building envelope separates and protects its indoor environment from outdoor world, and 
directly affects the indoor thermal quality. Perfect thermal performance of building envelope can 
rationally make use of the good influence and decrease the bad influence of outdoor environment, 
consume least artificial energy and provide a comfort and steady indoor thermal environment for 
occupant living in it.  
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Now, increase in insulation of building envelope had been accepted widely in China and developed 
countries as the effective energy-saving measures for new and reconstruction buildings.  
 
Moreover, almost all existing residential buildings in China were constructed without any insulation 
added on envelope, so the enhancement in insulation of building envelope can make a great 
contribution to energy efficiency. The typical measures belong to this type include adding high heat 
insulation materials on the surface of exterior wall and roof, applying low-U windows to replace old 
ones, reducing shape coefficient of whole building, etc.  
 
Therefore, the energy-saving measures by improving building envelope should be considered, analyzed 
and integrated into the suitable plan for energy-efficient renovation of subject building. 
 
2.1.1.2. Measures by improving surrounding outdoor environment 
Secondly, the measures belonging to the field of improving outdoor environment should also be 
integrated into the suitable plan after analyzing their effects. 
 
It is self-evident that the energy performance of buildings is related to the climate, and similarly the 
performance of an urban building is dependent on the urban microclimate. More than ever, the city 
defines a microclimate, which is the context to which building design must respond and within which 
occupants must be considered. There is a need for an understanding of comfort, not only indoors and as 
a function of the climate, but also outdoors and as a function of the urban microclimate. Outdoor 
comfort is shown to be less narrowly defined than indoor, and thus the urban microclimate can be seen 
as an intermediate environment between indoor and the wider climate. Thus, one might speculate that 
an outdoor microclimate that is comfortable is one that is more likely to offer an amenable environment 
for low energy building strategies (Steemers, 2003). 
 
Since all the energy exchanges are modified by the so-called microclimatic changes due to human 
activity. As a consequence, the needs of heating and cooling of the same building are not the same in 
different environments. And the presence of buildings modifies the outdoor conditions (Flor et al., 
2004). 
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Fig.2.1. Influence of Local Weather on Building Indoor Thermal Quality 
 
 
 
 
 
 
 
Fig.2.2. Correlation among Surrounding Outdoor Environment, Indoor Environment and Energy Conservation 
 
The local outdoor environment influences the indoor thermal quality of the building through its 
envelope and the microclimate around it (shown in Fig.2.1). The correlation among surrounding 
outdoor environment, indoor environment and building energy conservation can be explained explicitly 
as Fig.2.2. Improving outdoor environment around buildings will not only reduce the outdoor air 
temperature, but also bring the improvement of indoor environment. Corresponding, the indoor air 
temperature will reduce accompanying with the reduction of outdoor air temperature. Occupants can 
enjoy the more indoor environment and will consume less energy for space cooling. Energy 
conservation means that the buildings will release less artificial heat to the outdoor environment around 
them. In turn, less artificial heat release will reduce the original outdoor air temperature and improve 
the surrounding outdoor environment. Then, a good recycle among surrounding environment, indoor 
environment and building energy conservation will form. 
 
The typical measures belong to this type include adding green area, rational arrangement of buildings 
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and other things, building orientation, etc. For the existing buildings and neighborhoods, the best and 
sole energy-saving measures are increase of outdoor green area around buildings, because the building 
orientation and the arrangement of buildings are difficult to change unless in the design stage for new 
buildings, which are not constructed at all. 
 
 
 
 
 
 
Fig.2.3. Effect of Tree on Microclimate Improvement 
 
Energy consumption of buildings is related to solar loads, wind flow patterns and external air 
temperature. So, improvements on urban microclimate should have direct and indirect consequences on 
energy savings (Flor et al., 2004). For example, increasing urban vegetation holds great potential for 
reducing urban summertime air temperatures and saving cooling energy consumption in buildings. 
Shading homes with trees can save over 30% of residential peak cooling demand on a hot summer day 
(Akbari et al., 1997). Raeissi et al. (1999) analyzed the energy saving by proper tree plantation. Results 
indicated that the cooling loads for the house under study (of popular size in Shiraz) might be reduced 
by 10-40% by appropriate tree plantation. The microclimatic effect of trees is obtained through several 
processes (Shown in Fig.2.3): (1) reduction of solar heat gains on windows, walls, and roofs through 
shading; (2) reduction of the building long-wave exchange with sky as building surface temperatures 
are lowered through shading; (3) reduction of the conductive and convective heat gain by lowering 
dry-bulb temperatures through evapotranspiration during summer; (4) increase of latent cooling by 
adding moisture to air through evapotranspiration (Dimoudi et al., 2003).  
 
The above analysis has shown the importance of improving outdoor environment around buildings on 
reducing their energy consumption for cooling loads in summer. Therefore, the energy-saving measures 
by improving outdoor environment—increase of green area around buildings, should be considered, 
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analyzed and integrated into the suitable plan for energy-efficient renovation of subject building if the 
measure has been proven effective. 
 
2.1.1.3. Rebound Effect and measures by Improving Occupants’ Lifestyle 
Thirdly, some work to improving occupants’ lifestyle should be conducted subsequently, not only to 
eliminate the needless waste for energy conservation, but also to maximize the energy-saving effects of 
technical measures, after implementing technical energy-saving measures to renovate existing 
residential building,  
 
Indeed, technology is the most important source of energy conservation. However, the benefits from 
technologies evoke behavioral response that causes the full profit of energy conservation cannot be 
cashed, part of the energy conservation brought by the technology vanishes (Berkhout et al., 2000). 
Rebound effect fades the energy-saving effect of technical measures. Rebound effect, take back or 
backfire, essentially records the behavioral response to energy efficiency improvement. It can be 
defined using a simple equation below (Haas et al., 2000): 
 
 
 
Experience in developed countries shows that energy intensity reduction in the industrial sector can be 
achieved through energy-efficient technologies and structural change. Energy efficiency improvements 
in residential buildings, however, are likely to be offset by growing demand for higher levels of energy 
services as living standards rise, including more space heating and cooling, higher lighting intensity, 
more hot water use, and more office equipment. These responses to the demand for higher functional 
standards make it difficult to reduce energy intensity in the residential sector in China. 
 
As a result of improved legislation (i.e. building design codes and energy-efficient standards), the use 
of new building materials and more efficient equipment in China, much progress will be achieved in 
energy efficient and environmentally friendly buildings in near future. On the other hand, higher living 
standard, along with the introduction of new equipment and appliances, may counterbalance these 
savings and actually increase the average energy consumption in buildings and create considerable 
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problems at peak load. Despite many campaigns to reduce energy use over the last 25 years, national 
energy consumption in residential sector in all the world’s industrialized countries continued to rise 
instead of fall (Herring, 2006). This phenomenon illustrates the bad influence of rebound effect in the 
field of residential building energy efficiency and might be taking effect in China residential sector.  
 
Because the reduced energy bill due to energy efficiency improvement by the technical measures will 
enlarge the purchasing power and will stimulate (or encourage in some sense) them to consume more 
energy, the actual savings is not equal to the calculated ones. Herring concluded that energy efficiency 
saves people money, but as a solution to the problem of global warming, it is fatally flawed. Since the 
effect of the increased energy efficiency is to lower the implicit price of an energy service, and hence 
make its use more affordable, thus leading to greater use (Herring, 2006). The technical saving 
potential may not be a correct indicator and will be offset to some extent as consumer may use more 
energy in other areas. 
 
 
 
 
 
Fig.2.4. Correlation among Technical Measures, Occupants’ Lifestyle and Energy Conservation 
 
The above analysis of rebound effect in residential sector implies the limitation of the technical 
measures, and offers an opportunity to take a fresh perspective to look at the importance of household 
lifestyle on energy savings. The correlation among technical measures, occupants’ lifestyle and energy 
conservation can be shown as Fig. 2.4. If public energy-saving consciousness is improved and their 
behavior become more energy-efficient, the possible rebound effect can be restrained to some degree, 
and the effect of technical measures (if implemented in real households) can be actualized to maximum, 
with no or a little offset by more energy use. 
 
Energy conservation studies were conducted and national energy plans were launched in many 
countries. Yet, only a small share of theoretically calculated energy conservation potentials was put into 
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practice because the impact of consumer behavior was neglected. Consumer behavior might 
significantly influence the level of energy demand through the choice of different lifestyles and 
activities in the home. Simply put, consumer behavior is one of the most important issues with respect 
to energy consumption in households (Haas et al., 1998). 
 
The influence of rebound effect implies the limitation of technical measures and the importance of 
occupants’ lifestyle on energy conservation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.5. Penetration of Primary Electric Appliances, Annual Disposable Income and Annual Electricity 
Consumption in Residential Sector of Hangzhou in the Past Years 
Note: In 2001 two near counties were incorporated into the city of Hangzhou in the urbanization process 
(Resource: Hangzhou Statistics Bureau, Hangzhou Statistics Yearbook-2008, 2009. Rearranged by author) 
 
The increase in the consumption of residential electricity is also due to the use of a higher number of 
electric appliances, and this reflects the higher economic status of the householders and their lifestyles 
(Meier et al., 2004). It is undoubtedly that electricity will grow rapidly as consumers buy more 
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appliances and keep the appliances plugged in more hours each day (Genjo et al., 2005). The 
experience of Japan from 1950s to 1990s (Nakagami, 1996) foreshows that the importance of 
electricity in modern domestic life may be steadily increasing for pursuing more comfortable life in 
China with the economic development in recent years. Lopes et al. (2005) considered that energy 
consumption is closely related to the resident’s lifestyle. With rising real income, consumption becomes 
an act of pleasure beyond satisfying basic needs, our changing lifestyle has a dramatic impact on world 
energy-demand (Anker-Nilssen, 2003). The above phenomena are happening in China cities, shown in 
Fig.2.5 by taking Hangzhou for example (Hangzhou Statistics Bureau, 2009). In one word, besides 
technical parameters, occupants’ lifestyle is one of the most important issues with respect to energy 
efficiency in households (Wood and Newborough, 2003 and Ueno et al. 2006a and 2006b). 
 
While the technical routes have to cost much money and time to accomplish energy efficiency 
improvement, a change of behavioral patterns by energy-saving education can save energy with no or 
less additional investment in infrastructure, and the energy-saving effect can appear quickly (Ouyang et 
al., 2007 and Editorial, 2006). However, most of the authoritative institutions and researchers in China 
on residential building energy savings are interested in the performance acquired by the high 
technologies, and all effort are only focused on developing and applying the technical measures. Meier 
et al. (2004) had testified that standby energy use is responsible for about 10% of total electricity use in 
urban Chinese homes. This implies that it is possible to avoid unwanted waste and save some 
electricity use if the residents in the city improve their behavior in daily domestic life.  
 
Al-Mumin et al. (2003) analyzed the influences of occupants’ behavior and activity pattern on energy 
consumption in the Kuwaiti residences. Their study showed that annual energy consumption in the 
residential buildings was indeed influenced by the lifestyle of their occupants. The activity patterns, 
schedule profiles of lights and electrical devices as well as the A/C thermostat settings were significant 
parts of the occupants’ lifestyle, which play an essential role in the magnitude of the consumption of 
energy. 
 
The above analysis has shown the importance of improving the lifestyle of occupants on reducing the 
energy consumption for all purpose in each family and thereby all building(s). Therefore, the energy 
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measures by improving occupants’ lifestyle should be integrated the evaluation system to eliminate the 
needless waste energy consumption, at the same time to reduce the bad influence of rebound effect. 
 
2.1.1.4. Integration and Suitable Plan 
In North China, the energy-saving measures by improving the energy efficiency of centralized heating 
system are very important and effective. But in the hot summer and cold winter region, the spilt-type 
air-conditioning is the main type equipment for space heating and cooling in residential buildings. If 
with sufficient disposable income, all families will install one unit in every bedding room or living 
room. Few residential buildings in the region apply centralized heating and/or cooling system. If some 
family wants to improve the energy efficiency of the electric appliances in their family for saving 
electricity consumption, it is their individual family plan. So it is very difficult to unify any 
energy–saving measure belonging to improving energy efficiency of equipments to implement in all 
families in subject buildings, and those measures cannot be integrated into suitable plan in the study. 
 
The energy-saving measures belonging to applying renewable energy sources also will not be 
integrated into suitable plan in the study, for 2 reasons: (1) The actual conditions limit the application 
of them in urban existing residential buildings; and (2) Solar heat water system—the only renewable 
energy source most widely applied in urban existing residential buildings, is also family individual plan, 
and the study about this is beyond my capacity. 
 
Theoretically, all feasible and effective energy-saving measures should be integrated into suitable 
renovation plan, with sufficient capacity and appropriate evaluation methods of their energy-saving 
effects. In the study, the suitable plan will integrate the energy-saving measures from the three routes 
for the urban existing residential buildings in the hot summer and cold winter region, after qualifying 
the their effects on energy conservation and CO2 emission reduction. 
 
2.1.2. Evaluation Indexes and Methods 
2.1.2. 1. Evaluation Indexes 
Many variables influence building energy consumption. Some can be improved to effectively reducing 
building energy consumption and be as energy-saving measures. For decision-makers, how to judge the 
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effective degree of each single measure and/or a variety of measures are very important to determine it 
implemented or not. Of course, applying more indexes can more comprehensively evaluate 
energy-saving measure(s). Howbeit, more indexes will increase the workload of design and evaluation, 
and sometimes will induce the evaluation work be impossible. Hence, appropriate evaluation index(es) 
and corresponding method(s) should be considered seriously when designing the renovation plan for 
subject building(s). In the study, energy-saving effect, CO2 emission reduction effect and cost reduction 
effect are recommended as evaluation indexes to more comprehensively and availably evaluate 
energy-saving measures.  
 
Energy-saving effect: 
This index is advanced from energy efficiency viewpoint to evaluate the effect(s) of energy-saving 
measure(s) on reducing energy consumption, because saving energy is the basic requirement for 
energy-saving measures. Strictly speaking, it is better to evaluate the index through LCA method, not 
only consider the energy saving in operation stages, but also the indirect energy consumption in other 
stages of buildings. Although LCA method is a very poplar and effective in the field of building energy 
all over the world, the relevant database of China is very rare and not enough to support the evaluation 
of energy-saving effect from building lifecycle viewpoint. Hence, according to the energy efficiency 
standards for residential buildings, the operational energy consumption reduction induced by 
energy-saving measures should be paid enough attention. If the effectiveness of some energy-saving 
measures on energy saving can be evaluated and proven by a reliable method, the measure should be 
integrated into suitable renovation plan for real subject building. It should be kept in mind that the 
energy-saving effect of measure(s) calculated through computer simulation may be different to that in 
fact, hence a revision process is very essential to make the outputs more accurate. 
 
CO2 emission reduction effect: 
This index is advanced from environmental protection viewpoint to evaluate the effect(s) of 
energy-saving measure(s) on reducing environmental loads. Increased energy consumption will lead to 
environmental problems, the most important of which is global warming. According to Dincer (1999) 
(Dincer et al., 1999), CO2 emissions contribute to nearly 50% of the global warming problem. CO2 is 
the most prominent greenhouse gas in earth’s atmosphere and CO2 emissions take up 90% of China 
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total greenhouse gases emissions, so it is used as an example for scientific analysis of greenhouse gases 
emissions in China. (Wu et al., 2008). The CO2 emission reduction effect can sufficiently stand for the 
effect of energy-saving measure(s) on reducing environmental loads. In general, building-related 
energy-saving measures reduce energy consumption and thereby significantly reduce CO2 emissions. 
But it is often debated that the reduction in energy use does not necessarily lead to benefits for the 
environment, due to production, transportation and decommissioning costs. Life cycle assessment for 
environmental impacts of buildings provides information on the impacts arising from the entire life 
cycle of a building—from the extraction of the materials and their production, through the construction, 
use and maintenance of the building, to building’s demolition and disposal of the materials. Life cycle 
assessment (LCA) cannot only quantify the environmental burden caused by buildings, but also can 
show reduction measures. 
 
Cost reduction effect:  
This index is advanced from economic viewpoint to predict the payback years of initial capital and 
final economic benefit. It is easy to understand the energy and environmental benefits that can result. 
However, the economic costs are critical, as tenants see them as an undesirable addition to the dwelling 
at the purchase phase, and additionally pay little attention to future managing costs. To compound 
matters, the financial savings for energy saving measures on existing buildings are seldom taken into 
account at the time of purchase. Consideration of building energy efficiency is often a secondary priority in 
the business of construction, so the index is very crucial in real projects. If the investment of such real 
projects is finally unbeneficial and cannot draw back the initial investment, anybody will be reluctant 
to invest such nonprofit projects in a sheer market. Life cycle assessment (LCA) also can quantify the 
economic benefits of energy-saving measure(s) from lifecycle viewpoint. 
 
2.1.2. 2. Thermal simulation 
The study intends to integrate thermal simulation into the evaluation system to evaluate the 
energy-saving effect by improving buildings’ envelope. 
 
When the case buildings were designed and constructed, the thermal and energy performance of their 
main construction structure (wall, roof, floors, etc.) were determined by the available design standards, 
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construction materials and technologies what was common practice at that time. Only the replaceable 
components, such as windows, doors, etc., could be updated with least reconstruction activities.  
 
The energy requirements of a building depend not only on the individual performance of the envelope 
components (walls, windows and roofs) and HVAC and lighting systems, but also on their overall 
performance as an integrated system within the unique building (Hong et al., 2000). It is impossible for 
architects, engineers and building managers to rate the energy performance of the case buildings only 
through simply theoretical formulas of heat transfer and storage. The available techniques are filed 
measurement and building simulation. Filed measurement can provide the accurate data about the 
current condition, e.g. before retrofit, but cannot predict the corresponding data after retrofit, unless 
such retrofit project had been implemented. Hence, the sole means for designers to resort to is building 
thermal simulation. 
 
Thermal simulation is fast, accurate, flexible and straightforward. Simulation has the great advantage 
of being able to substitute materials within the product design without any physical testing. This helps 
to achieve the desired performance and ensure the minimal heat loss. 
 
Thermal simulation is carried out via computer modeling. Computer building energy simulation is now 
an acceptable technique for assessing the dynamic interactions between the external climates, the 
building envelopes and the HVAC systems and has been playing an important role in the designs and 
analyses of energy efficient buildings and the development of performance based building energy 
codes. 
 
Building energy simulation has been playing an increasingly significant role not only in building 
design, but also in operation, diagnostics, commissioning and evaluation of buildings in the last two 
decades. It can help designers compare various design options and lead them to energy-efficient 
designs in manner of cost-effectiveness. Building energy simulation can also help facility managers and 
engineers identify energy saving potentials and evaluate the energy performance and cost-effectiveness 
of the energy-saving measures by improving building envelope to be implemented.  
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The use of computer thermal simulation by building professionals is now considered commonplace. 
Building thermal simulation can be employed to design the building to the requirements of local 
building regulations, codes or standards. Subsequently, building thermal simulation can supplement 
energy auditing to check the energy performance of the as built building. For example, the standard 
JGJ134-2001 (Ministry of Construction of China, 2001) requires that the energy performance of every 
new building in the hot summer and cold winter region of China be checked using building thermal 
simulation before it is constructed. 
 
The above analysis has shown that building thermal simulation program is a credible evaluation 
method to evaluate the relative difference of the energy performance before and after implementation 
of energy-saving measures or plans by improving building envelope. Therefore, by comparing relative 
difference, the simulative energy-saving effects of the measures by improving building envelope can be 
evaluated by applying building thermal simulation program. 
 
2.1.2. 3. CFD Analysis 
The study intends to integrate CFD (Computer Fluid Dynamics) analysis into the evaluation system to 
evaluate the energy-saving effect by improving outdoor environment around subject buildings. 
 
The buildings, vegetation, roads and other thing in a neighborhood may create different geometrical 
characteristics, and thereby a different microclimate under a certain local weather. The presence of 
buildings modifies the outdoor conditions. In turn, modifying the outdoor environment around subject 
building will change its energy consumption. 
 
Capeluto et al. (2003) thought that CFD analysis are very powerful, require heavy calculations, but 
provide detailed results in suggested designs. As a result, new design alternatives may be thought of 
and re-evaluated, until a good and satisfactory design is achieved. In the design of the new business 
district in Tel Aviv, they used CFD program (FLUENT) to evaluate the existing situation, the proposed 
solution and the mitigation design, in which the wind rights to the residential neighborhood were 
preserved, while ensuring tolerable winds along the pedestrian sidewalks. 
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Flor et al. (2003) developed different models for each mechanisms of heat transfer in the building 
envelope to analyze the effect of urban layout on climate, and its modification. These models were 
coupled mutually, and had been implemented in data processing tools by combining CFD analysis, and 
they have been validated through the use of experimental results. 
 
Tantasavasdi et al. (2001) developed a comprehensive design guideline for natural ventilation at both 
the site planning and individual house levels by using CFD analysis. 
 
Dimoudi et al. (2003) simulated the effect of a park, at the scale of the urban block, with CFD analysis. 
They had demonstrated that vegetation could greatly improve the urban microclimate, as well as 
mitigate the heat island effect, by reducing summer air temperature. The effect was noticed not only 
within the boundaries of the green area, but extended beyond the park itself, particularly affecting 
leeward side of it. 
 
Chen et al. (2004b) developed a simulation method using coupled simulation of convection, radiation 
and conduction for outdoor thermal environment, based on unsteady analysis which uses 
three-dimensional CFD analysis, three-dimensional radiation analysis, and one-dimensional heat 
conduction analysis. The prediction accuracy of this method was confirmed by comparing with field 
measurement of apartment block in Shenzhen. Furthermore, the numerical analysis was carried out in 
order to estimate the effect of this improvement of the outdoor thermal environment. The numerical 
simulation method has been demonstrated to be a very powerful tool for the design of outdoor thermal 
environment. 
 
The above analysis has shown that CFD analysis is a credible evaluation method to evaluate the 
relative difference of the energy performance before and after implementation of energy-saving 
measures or plans by improving outdoor environment. Therefore, by comparing relative difference, the 
simulative energy-saving effects of the measures by improving outdoor environment can be evaluated 
by applying building thermal simulation program. 
 
2.1.2. 4. Lifestyle Analysis 
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The study intends to improve occupant’ lifestyle and integrate lifestyle analysis into the evaluation 
system to analyze the influence of occupants’ lifestyle on household energy consumption and evaluate 
the energy-saving effect by improving occupants’ lifestyle. 
 
Household characteristics (so-called lifestyle) include household income, the number of members, 
electric appliances, floor area, rooms, and the occupants’ awareness of and behavior when using 
electric appliances. In general, different people have distinct histories, attitudes, and socio-cultural 
demographics (age, sex, education and wealth/income). They also show differences in their 
physical/mental health, relationships with family/friends, and their amount of free time. All these 
factors affect their energy-using behavior (Wood et al., 2003), so every household has its own 
characteristics. Therefore, differences in household characteristics will lead to differences in electricity 
consumption (Genjo et al., 2005). In theory, improving occupants’ lifestyle from the perspective of 
energy savings will induce the change in household energy consumption. 
 
McCalley et al. (2005) regarded the importance of social cognitive factors in developing 
human-computer dialogues to support household energy conservation. Their results supported that the 
importance of social, personality and cognitive variables were involved in presenting feedback 
information by human-computer interaction to users to improve their lifestyle, which supported human 
motivation to conform to society’s needs for saving energy. 
 
Ueno et al. (2006a and 2006b) improved occupants’ lifestyle by providing the on-line interactive 
“energy-consumption information system” for the surveyed households to motivate energy-saving 
activities of them. The “energy-consumption information system” displayed the power consumptions of 
18 different appliances, power and city-gas consumption of the whole house and room temperature. 
The results revealed that the total power-consumption decreased by 18% and the total city-gas 
consumption decreased by 9%, averaged over 10 houses, with the “energy-consumption information 
system”. On the other hand, the total power-consumption decreased by 5% and the total city-gas 
consumption increased by 0.4%, averaged over nine houses, without “energy-consumption information 
system”. Through the above comparison, the energy-saving effect of the “energy-consumption 
information system” (thereby improving occupants’ lifestyle) was evaluated. 
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Wei et al. (2007) quantified the direct and indirect impact of lifestyle of urban and rural residents on 
China’s energy use and the related CO2 emissions during the period 1999-2002, based on the 
application of a Consumer Lifestyle Approach (CLA).  
 
Ouyang et al. (2009b) improved occupants’ lifestyle by providing energy-saving education and 
corresponding measures in domestic life for the “educated households” to motivate energy-saving 
activities of them. The energy-saving measures taught them how to use 10 primary electric appliances 
in domestic life for energy savings. The results showed that the electricity consumption decreased by 
more than 10%, averaged the 46 “educated households”, while the electricity consumption increased by 
more than 10%, averaged the 25 “uneducated households”. Similarly, through the above comparison, 
the energy-saving effect of the energy-saving education and provision of energy-saving measures in 
domestic life (thereby improving occupants’ lifestyle) was evaluated. 
 
In the evaluation systems about lifestyle analysis, it is supposed that energy-saving education will 
improve occupants’ lifestyle, especially occupants’ behavior on how to implement electric appliances, 
then by comparing the energy consumptions before and after implementation of energy-saving 
education, the energy-saving effects can be evaluated. The above analysis has proven that lifestyle 
analysis is a credible evaluation method to evaluate the energy-saving effects of the measures by 
improving occupants’ lifestyle through energy-saving education. 
 
2.1.2.5. Revision process 
The study intends to integrate revision process into the evaluation system to produce more accurate 
outputs. 
 
No matter which software is used, revision of simulation models is necessary and crucial for the 
accuracy and usability of energy simulation. The revision process compares the results of the 
simulation with measured data and tunes the simulation until its results closely match the measured 
data.   
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Pedrini et al. (2002) employed the method of simulation and calibration to model more than 15 office 
buildings in Brazil; Norford et al. (1994) discussed the major sources of the wide discrepancy between 
predicted and actual energy use and in the process of simulation and calibration, they formulated 
calibration guidelines and developed insights that may be of use to others. Yoon et al. (2003) 
developed a systematic method using a ‘‘base load analysis approach’’ to calibrate a building energy 
performance model with a combination of monthly utility billing data and submetered data in large 
buildings in Korea. 
 
Therefore, considering the not identical information input in computer simulation programs as that in 
fact, the energy performance of subject building defined by simulation program should be modified by 
combining with actual information of subject building, as well as the simulative energy-saving effects 
of energy-saving measures.  
 
2.1.2.6. LCA Analysis 
The study intends to integrate LCA analysis into the evaluation system to more comprehensively 
evaluate the energy-saving measures or plans.  
 
Life Cycle Assessment (LCA) is an informed decision-making process that is applied to building 
components, design strategies and other measures associated with building alternatives. It is a holistic 
approach to identify economic, environmental, design, performance, cultural and legal consequences of 
a product or facility through its entire life cycle. LCA information is beneficial because it compares 
initial capital costs over a specified lifetime. 
 
In the previous studies about building energy efficiency, LCA had been widely used to analyze the 
energy-saving measures. Gorgolewski (1995) developed a life cycle costing method to assess and 
compare the performances, to give an indication of financial benefits over the life of the energy-saving 
measures. The “savings-to-investment ratio” was used as a ranking tool, and a process for selecting 
measures, applying them to the building, and re-calculating the cost effectiveness of the remaining 
measures enabled interaction between the retrofits to be considered. Erlandsson et al. (1997) used a 
Life-Cycle Assessment approach to evaluate an additional external wall insulation measure for a 
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multifamily building. Afif Hasan (1999) optimized the thickness of insulation material based on 
Life-Cycle Cost analysis. Verbeeck et al. (2007) developed a global methodology to optimize concepts 
for extremely low energy dwellings, taking into account energy use, environmental impact, and 
financial costs over the life cycle of the buildings. Gustafsson (2000) thought that LCA could be used 
for optimization of the retrofit strategy of a building. Ala Hasan et al. (2008) minimized the life cycle 
cost of a detached house.  
 
Therefore, LCA analysis is a very effective method to evaluate the effects of CO2 emission and cost of 
energy-saving measures for renovating the existing residential buildings. It is really “sustainable 
energy-efficiency improvement”. 
 
2.2. INTRODUCTION OF EVALUATION SYSTEM 
The correlation among energy-saving measures, evaluation indexes and methods are shown in Fig.2.6. 
So a comprehensive evaluation system should include the elements in the figure to correctly direct the 
implementation of energy-efficient renovation of the urban existing residential buildings in hot summer 
and cold winter region of China. 
 
 
 
 
 
 
 
 
 
Fig.2.6. Correlation among Energy-saving Measures, Evaluation Methods and Results 
 
As the aforementioned analysis, the study develops a scientific and comprehensive evaluation system 
(shown in Fig.2.7) to correctly direct the implementation of energy-efficient renovation of the urban 
existing residential buildings in hot summer and cold winter region of China. 
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Fig.2.7. Evaluation System for Energy-efficient Renovation 
 
Following the 8 steps, a suitable energy-efficient renovation plan for subject existing residential 
building can be brought out, subsequently its benefit in energy conservation and CO2 emission 
reduction from and its economic barrier to implementation of it can be evaluated accurately.  
 
The functions of the method can be described as follows: (1) distinguish the effective energy-saving 
measures and exclude the infeasible and/or useless measures from improving building envelope, 
improving outdoor environment and improving occupants’ lifestyle; (2) estimate the effects of the 
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measures on energy conservation, CO2 emission and cost; and (3) integration all effective measures 
into a suitable plan to maximize the benefits of energy-efficient renovation with least cost. 
 
In order to accomplish the expected and wishful missions, this comprehensive evaluation system 
integrates 10 methods, including (1) site investigation, (2) energy-saving education, (3) climatic 
analysis, (4) variable analysis, (5) lifestyles analysis, (6) thermal simulation, (7) CFD analysis, (8), 
revision provision, (9) LCCO2 analysis, and (10) LCC analysis. 
 
This system is not exclusive. If some energy-saving measure from improving energy efficiency of 
equipments or from applying renewable energy resources is feasible to be implemented in some subject 
existing building, and the corresponding energy-saving effect can be calculated by simulation or 
accurately estimation, the system can also be applicable. 
 
2.3. EXPLANATION OF EVALUATION PROCESS AND METHODS 
2.3.1. Step 1, Site Investigation and Attributes of Building 
The purpose of site investigation is to collect the basic information of subject buildings and make clear 
the attributes of them. 
 
The first substep is to select an appropriate subject building, which in general is typical in certain scale. 
More buildings it can represent, more effective the implementation of energy-efficient renovation of it 
can bring. So the subject building should be selected after detailed review of relative information, such 
as local construction history, design and thermal regulations and standards, etc.; Then, through site 
investigation, the first-hand information related to the thermal and energy performance of it can be 
collected in a relative long-time period. Besides the monthly energy consumption of every household 
living in the building, the original information including the attributes of building envelope, outdoor 
surrounding environment and indoor occupants’ lifestyles should be collected. Genre et al. (2000) 
concluded that at the beginning of any refurbishment project, it is of paramount importance to collect 
all relevant information. 
 
Usually, there is very little information about actual design data for most of aging urban existing 
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buildings in the hot summer and cold winter region of China. Because computer had been applied in 
the field of urban plan and building design for less than 15 years in China, while the buildings had been 
operating for more than 20 years, the original blueprints of the buildings are difficult to acquire. 
Therefore, the original information about the attributes of subject buildings should be gathered through 
local contacts with the household owners and on-site observation. The surveys and observations could 
give a good indication of the prevailing architectural designs and construction practices at that time 
when the buildings were constructed, and the data gathered will help to develop feasible and effective 
energy-efficient measures to improve the thermal and energy performance of the buildings. 
 
2.3.2. Step 2, Energy-saving Education and Lifestyle Improvement, Climatic Analysis and 
Actual Heating and Cooling Loads, Variable Analysis and Energy-saving Measures 
2.3.2.1. Climatic Analysis and Actual Heating and Cooling Loads 
The purpose of climatic analysis is to distinguish the actual heating and cooling loads from all energy 
consumption of subject buildings. 
 
In the hot summer and cold winter region of China, the purposes for consuming electricity in 
residential sector can be divided into three groups: (1) basic load (i.e. lighting, amusement, etc.), (2) 
heating load (i.e. mainly space heating, water heating), (3) cooling load (i.e. mainly space cooling). The 
electric appliances for space heating and cooling are air-conditioners, assisted by fans in summer and 
heating equipment in winter. Because the heating load and cooling load of residential buildings 
obviously change, while basic load changes little with outdoor climate, through climatic analysis, 
heating load and cooling load can be distinguished from the original data about monthly electricity 
consumption of every subject household. 
 
When speaking of the heating and cooling loads of residential buildings, it is essential, first, to make 
clear the outdoor climatic attributes, affecting them directly. In general, there are four distinct seasons 
in the hot summer and cold winter region of China: spring, summer, autumn and winter. Taking 
Hangzhou for example, the following is a description of the city climate from the climatic web 
(Hangzhou City’s Government, 2008). 
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(1) Spring begins in March and ends in May. The temperature is a little cold in early March and a little 
hot in late May. The climate is comfortable on almost all days in March.  
(2) Summer begins in June and ends in August. The yearly temperature is the hottest in late July. 
(3) Autumn begins in September and ends in November. The temperature is a little hot in early and 
mid-September and a little cold in late November. The climate is comfortable on all days in October. 
(4) Winter begins in December and ends in February of the following year. The yearly temperature is 
the coldest in January.  
 
Variations in outdoor temperatures over one year in the city can be shown in Fig.2.8. Temperatures in 
the range between Ta and Tb are considered comfortable in theory. 
 
Considering that the heating and cooling loads of residential buildings obviously change, while basic 
load changes little with outdoor climate, various assumptions can be made about climatic attributes of 
Hangzhou (shown in Fig.2.9): 
 
 
 
 
 
Fig. 2.8. Annual Outdoor Air Temperature Change Trend in Hangzhou in One Year 
 
 
 
 
 
 
Fig.2.9. Assumed Electricity Consumption Groups in 12 Months of One Year 
 
(1). Electricity consumption is at its lowest during the months of April and October. Electricity 
consumption in these two months is only for basic load and such load remains the same throughout the 
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twelve months of the year. The value given is the average electricity consumption in April and October.  
 
(2). Electricity consumption from May to September can be divided into two groups: cooling load and 
basic load. By subtracting basic load from all electricity consumption over the five months, the residual 
is for cooling load.  
 
(3). Electricity consumption from November to March of the following year can be divided into two 
groups: heating load and basic load. By subtracting the basic loads from all electricity consumption 
over the five months, the residual is for the heating load. 
 
Similarly, Li et al. (2006b) had proven that this method is rational and can be applied to the analysis of 
the cooling and/or heating load of residential buildings in China. 
 
2.3.2.2. Energy-saving Education and Lifestyle Improvement 
The purpose of energy-saving education is to improve the lifestyle of the occupants living in subject 
buildings for energy conservation.  
 
Many serious problems are attendant with the increased use of electricity, including global warming, 
the creation of urban heat islands, and environmental pollution and degradation. However, the most 
striking of these problems for the local government and the general public of China is the electricity 
blackouts that frequently occur during extremely cold winters or hot summers. These consequently 
have an adverse impact on economic development and caused inconvenience to the general public in 
their lives at home. Although the local government has implemented many executive policies and 
measures for saving energy to guarantee a stable energy supply since 2000, the general public is less 
aware that the electricity consumed in their daily activities in the home is so closely related to the 
well-known problems. Therefore, they do very little to save energy, at least in their own households. 
Hence, reducing energy demand is an important problem, not only worldwide, but also on a true 
individual level. 
 
Through energy-saving education, public awareness on energy efficiency and occupants’ behavior on 
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how to control electric appliances more efficient can be improved. To promote energy-conscious 
behavior effectively, it is important for energy users to have accurate information to act. The following 
are the energy-saving measures in detail on how to control the primary electric appliances, which is the 
most important part of the “energy-saving education” in the research. 
 
Air-conditioning: (1) Set temperature as high as possible (Preference temperature: above 26℃); (2) 
Reduce usage time; (3) More members stay together in fewer rooms and turn on fewer air-conditioning 
units if possible; (4) Clean filter frequently; (5) Hang curtains or window blinds to prevent cold air 
from leaking out and sunshine from entering room; (6) Reduce the amount of time and frequency doors 
and windows are opened; (7) Turn off a few minutes before going out;  
 
Refrigerator: (8) Adjust the temperature setting each season; (9) Store food after it has completely 
cooled naturally; (10) Reduce time door is open; (11) Reduce the frequency of opening the door; (12) 
Do not store too much food or other items; (13) Do not place its cooling unit too close to wall or other 
objects;  
TV: (14) Reduce usage time; (15) Turn off completely using the main switch, not by remote control; 
(16) Reduce the sound level; (17) Reduce the brightness level; 
Computer: (18) Reduce usage time; (19) Use the electricity-saving mode if possible; (20) Turn off the 
computer’s main unit and screen and avoid using the stand-by function mode if it will not be in use for 
a long time; Electric cooker: (21) Do not use the warming mode, or use it less frequently in a rational 
manner;  
Lighting: (22) Eliminate needless lighting; (23) Reduce time lights are on; (24) More members should 
gather in fewer rooms and turn on fewer lights if possible;  
Water heater: (25) Turn off if hot water will not be needed for a long time; (26) Reduce usage time for 
hot water if possible, such as in showers; (27) Reduce hot water temperature if possible; (28) Do not 
use hot water if not necessary;  
Washing machine: (29) Wash more clothes in one load if possible; (30) Choose fast-washing mode if 
clothes are not too dirty;  
Microwave oven: (31) Thaw frozen foods naturally if possible;  
Fanner: (32) Adjust the fan speed in a rational manner; (33) Use the timer in a rational manner;  
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All appliances:(34) Unplug when not in use. 
 
Lam (1998) found that both seasonal and yearly electricity consumptions in the residential sector can 
be estimated from a statistical perspective based on the household income, household size, electricity 
price and cooling degree-days by analyzing the economic and energy data for the 23-year period from 
1971 to 1993 of Hong Kong. But it is very difficult to predict the electricity consumption of some 
individual households with the same method due to the complexity of the multiple effects of all 
variables on household electricity consumption. Therefore, when designing the survey plan, the 
aforementioned variables should be taken into consideration, and their negative impact on the study 
results should be minimized if possible. Fortunately, energy-saving education enables the improvement 
of the occupants’ awareness alone, which means it is possible that behavior can be improved. Other 
variables cannot be improved, however, so the energy-saving potential of improving occupants’ 
lifestyles can be accomplished by comparing the difference in electricity consumption before and after 
energy-saving education in theory. 
 
2.3.2.3. Variable Analysis and Energy-saving Measures 
The purpose of variable analysis is to ascertain which variables can be improved as feasible 
energy-saving measures for energy-efficient renovation. 
 
Many variables affect residential energy consumption. Overall, other than local weather (e.g. 
macroclimate), the acknowledged variables come from the following five fields (Ministry of 
Construction of China, 2001 and Wood et al., 2003): (1) Outdoor environment around buildings, such 
as buildings’ layout, green space, buildings’ orientation, etc.; (2) Building envelope, such as exterior 
wall, windows, roof, etc.; (3) Occupants’ lifestyles, such as occupants’ awareness on energy 
conservation, behavior on using electric appliances, families’ income, etc.; (4) Energy efficiency of 
household equipments, such as lighting bulbs, air-conditionings, TV, etc.; (5) Renewable energy source, 
such as underground heat, biomass energy, wind energy, solar energy, etc. In theory, change of every 
variable will lead change of residential energy consumption, and improving every variable for energy 
conservation can be considered as an energy-saving measures. Thereby, the possible energy-saving 
measures for building energy conservation also come from the five fields. 
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However, it is hard work to evaluate the energy-saving effect of every measure one by one, so through 
variable analysis, some variables can be excluded and the residual be related to improving the 
upgrading of subject building as feasible energy-saving measures. Variables analysis can reduce the 
mass workload and make the design process sooner. 
 
In the process of variable analysis, numerous variables should be firstly checked comprehensively with 
the following 3 reasons, and be determined whether or not be improved as energy-saving measures. 
The variables complying with any reason should be excluded. 
 
(1) Variables cannot be changed optionally in practice. Real world circumstances limit the adoption of 
certain energy-saving measures. That is, practical factors such as environment, building structure, 
climate characteristics and so on may lead to the impossibility of using certain energy-saving 
technologies (Hu et al., 2007).  
 
(2) Variables cannot be changed optionally in simulation, so the energy-saving effect cannot be 
calculated for the limitation of presently available simulation programs. 
 
(3) Variables have very little influence on building energy consumption, so improving such variables 
will only lead little energy-saving effect. Using this judge standard needs enough professional 
experience. 
 
In addition, the analysis of the variables belonging to the last 2 fields are beyond the author’s capacity, 
the variables are excluded too. 
 
2.3.3. Step 3, Lifestyles Analysis and Energy-saving Effects, Simulation and Energy-saving 
Effects 
2.3.3.1. Lifestyles Analysis and Energy-saving Effects 
The purpose of lifestyle analysis is to evaluate the energy-saving effects by improving occupants’ 
lifestyle. 
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Genjo et al. (2005) found, through multivariate analysis, that annual income, the number and the size 
of some appliances are the factors that have great impacts on annual electric consumption for lighting 
and others. 
 
Brandon et al. (1999) revealed, through the multiple regression analysis, that the feedback in various 
forms (i.e. consumption compared to previous consumption or to similar others; energy saving tips in 
leaflets or on a computer; or feedback relating to financial or environmental costs), have a marginal 
statistically significant influence on the total percentage difference of energy consumed in kWh hours 
for the period of the study. 
 
Ueno et al. (2006a and 2006b) proposed a method of reducing the energy consumption in residential 
buildings by providing household members with information on energy consumptions in their own 
houses. By comparisons of energy consumptions before and after provision of information, they 
revealed that the power consumption of many appliances and energy consumption of the whole house 
were reduced. 
 
Lopes et al. (2005) estimated the energy-saving potential in Japan residential buildings by analyzing 
the standby power of certain primary electric appliances. 
 
Ouyang et al. (2007) analyzed the relationship between the variables of household lifestyle and 
electricity consumption through statistical analysis by SPSS. 
 
Ouyang et al. (2009b) evaluated the energy-saving effects of energy-saving education by comparing 
the difference in energy consumptions in July between the educated and uneducated households. 
 
The evaluation system will analyze the relationship between household lifestyle and electricity 
consumption through statistical analysis by SPSS program, and evaluate the energy-saving potentials of 
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improving occupants’ lifestyle through comparison analysis by combining a designed energy-saving 
education. 
 
2.3.3.2. Thermal Simulation and Simulative Energy-saving Effects 
The purpose of thermal simulation is to evaluate the simulative energy-saving effects by improving 
building envelope. 
 
Energy performance simulation has become an indispensable procedure in the design, retrofit and 
operation of an energy-efficient building (Hong, 1999b).  
 
The evaluation program of energy performance is an essential component of efforts to foster increased 
energy efficiency in buildings. Over past 50 years, literally hundreds of building energy programs have 
been developed, enhanced, and are in use throughout the building energy community. The core tools in 
building energy field are the whole-building energy simulation programs that provide users with key 
building performance indicators such as energy use and demand, temperature, etc. Of those programs, 
DOE2 has been used extensively for more than 25 years for building design studies, analysis of 
opportunities over the word. Using DOE2, designers can determine the choice of building parameters 
that improve energy efficiency while maintaining thermal comfort and cost-effectiveness. (Crawley, 
2005) 
 
Neymark et al. (2002) thought that DOE2 is a dynamic, whole-building simulation program, the 
development of which has been sponsored by the U.S. Department of Energy (DOE). 
 
Additionally, as the only recommended thermal simulation program written in the standard 
JGJ134-2001 (Ministry of Construction of China, 2001), the program DOE2 can be applied to calculate 
energy consumption for heating and cooling loads, authoritatively and convincingly. 
 
The evaluation system will intend to evaluate the energy-saving potentials of the energy-efficient 
renovation measures through thermal simulation by DOE2. DOE predicts the hourly heating and 
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cooling load of a building by: (1) inputting the building’s thermal attributes, (2) setting the heating and 
cooling efficiencies of central electric appliances (a COP 1.9 for heating and a COP of 2.3 for cooling), 
(3) setting a comfortable temperature in bedrooms and living rooms (not higher than 26℃ in summer 
and not lower than 18℃ in winter), (4) setting air change rate (one time per hour), and (6) inputting a 
typical year’s weather of Hangzhou. The detailed program flow of DOE2 is shown as Fig.2.10 
(Simulation Research Group et al, 1998). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.10. DOE2 Program Flow 
(Resource: Lawrence Berkeley National Laboratory et al, Overview of DOE-2.2, 1998) 
 
Therefore, by comparing the energy consumption of subject building before and after the 
implementation of energy-saving measure or plan by improving building envelope, the simulative 
energy-saving effects can be evaluated. 
 
2.3.3.3. CFD Analysis and Simulative Energy-saving Effects 
The purpose of CFD analysis is to evaluate the simulative energy-saving effects by improving outdoor 
environment. 
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The evaluation methods of the simulative energy-saving effects by improving outdoor environment can 
generally be divided into the numerical simulation and the measurement. The measurement method can 
get a high accurate data, but it is difficult to get the enough samples for evaluating thermal environment 
of a larger area. And the measurement method can only evaluate the current thermal environment (e.g. 
before renovation), cannot evaluate that after renovation. In theory, the numerical simulation method 
can easily and quickly accomplish the work.  
 
However, at present the available tools, which can be applied to conduct CFD analysis and directly 
evaluate the energy-saving effects of the measures by improving outdoor environment in the building 
energy field, is very rare due to some reasons, such as the limitation of computer hardware. Usually, the 
energy-saving effects of the measures by improving outdoor environment are evaluated indirectly 
through CFD analysis. In most literature, the researches applied CFD analysis to evaluate the change of 
weather parameters around subject building after improving outdoor environment, then modified the 
weather database in thermal simulation program, such as DOE2, according the results of CFD analysis, 
finally applied thermal simulation program with modified weather database to evaluate the energy 
performance of subject building after improving outdoor environment. But the subject building(s) in 
their researches was only one-storey, which is very different to those existing urban residential 
buildings of China. The most typical example is the research “Calculating energy-saving potentials of 
heat-island reduction strategies (Akbari et al., 2005)”. In the research, the authors applied such 
methodology to estimate the potential of heat-island reduction strategies (i.e., solar-reflective roofs, 
shade trees, reflective pavements, and urban vegetation) to reduce cooling-energy use in buildings. 
They provided estimates of savings for both direct effect (reducing heat gain through the building shell) 
and indirect effect (reducing the ambient air temperature). In their analysis, they considered three 
building prototypes: residences, offices, and retail stores, but all were single-storey. Hence, the 
methodology cannot be applicable in China. 
 
The evaluation system recommends applying Urban Thermal Environment Program to conduct CFD 
analysis to evaluate the effect of the energy-saving measures by improving outdoor environment. In the 
program, the layer attribute of land use and artificial heat release of the area around subject building are 
the necessary input information. The layer attribute of land use is divided with water, green, road, open 
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space, building. According to the accuracy of the thermal environmental simulation, each big 
classification can also be divided to small classification by giving layer attributes. Artificial heat 
release was calculated by the following equation (1): 
 
Artificial heat release =A*B/C  (1) 
 
In the above equation, A means the energy consumption original unit of the outdoor area around subject 
building; B means the total area of buildings for every mesh; C means the area of every mesh. 
 
Therefore, a database system for urban thermal environmental evaluation should be constructed and the 
artificial heat release be calculated. For more accuracy, a suitable mesh size for the thermal 
environmental evaluation. 
 
The CFD model of program uses the k–ε three-dimensional turbulent flow model improved by 
Launder and Kato. The conservation equation for energy, mass, and momentum can been generally 
described as below three equations.  
 
Energy equation (2):  
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In the above three equations, T means air temperature (℃); Ui (U,V,W) mean air velocities at x, y, z 
directions (m/s); Dj (Dx,Dy,Dz) mean diffusive coefficients at x, y, z direction (m2/s); Q means internal 
heat source (J/m3h); P means air pressure (kg/m3); Gi means air gravity (kgf/m3); p means air 
density(kg/m3); Cp means air specific heat (J/kg*℃).  
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By using the program, the distribution of outdoor air temperature around subject buildings can be 
predicted (Fig.2.11). After the implementation of some energy-saving measure or plan by improving 
outdoor environment, the layer attribute of land use, thereby the distribution of outdoor air temperature 
around subject buildings, will change. By comparing the different distributions of outdoor air 
temperature around subject buildings before and after the implementation of some energy-saving 
measure or plan, the effects on reducing outdoor air temperature by improving outdoor environment 
can be evaluated. 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.11. Calculation Process of Urban Thermal Environment Program 
(Resource: Li, Urban Heat Island and Air-pollution Evaluation, 2002) 
 
Li (2002) had proven the validity of the program in simulating the temperature distribution in the scale 
of urban, such as Tokyo, Katakyushu of Japan. He considered that the most suitable mesh size is 200m 
in the program. A neighborhood or the area around subject building can be looked as a part of an urban. 
If the outdoor environment of other districts of the urban are improved as same as that around subject 
building, the relative mean temperature reduction in the scale of a urban or more larger area calculated 
by the program can also be applicable in a neighborhood or the area around subject building. Therefore, 
the study will apply Urban Thermal Environment Program to conduct CFD analysis to prove the 
temperature reduction effect by improving outdoor environment around subject buildings. 
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2.3.4. Step 4, Revision Process and Actual Energy-saving Effects 
The purpose of revision process is to modify the simulative energy-saving effects to be more accurate. 
 
Usually, the actual heating and cooling loads of subject building are far more than those in thermal 
simulation, so the absolute values of energy saving effects of the renovation energy-saving plans and 
measures should be reevaluated (Ouyang et al., 2008b). 
 
In the evaluation system, the relative values of the energy-saving effects in fact are assumed to be the 
same as those in the thermal simulation, as shown as equation (5). 
                                          (5) 
                             
In the equation, Ri means the relative value of the energy saving effect of the i measure (plan) on 
reducing heating load or cooling load; SiE '  means the heating load or cooling load after renovation 
according to the i measure (plan) in thermal simulation; Es means the heating load or cooling load 
before renovation in thermal simulation; FiE '  means the possibly actual heating load or cooling load 
after renovation according to the i measure (plan); EF means the actual heating load or cooling load 
acquired from site investigation. Finally, the unknown parameters Ri and FiE '  can be calculated from 
equation (5). Namely, with the relative energy-saving effects by thermal simulation and the actual 
heating and cooling loads by site investigation, the actual energy-saving effects of energy-saving 
measures (or plans) can be calculated by equation (5). 
 
2.3.5. Step 5, LCCO2 Analysis and CO2 Emission Reduction Effects 
The purpose of integration process is to evaluate the CO2 emission reduction of energy-saving 
measures or plans. 
 
A simple life cycle analysis (LCCO2 method) will be carried out to determine the environmental impact 
of the energy-saving measures and plans in the evaluation system. Common LCCO2 method about 
building energy conservation involves all inputs and outputs of energy and materials in all stages of 
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subject building. For energy-efficient renovation of existing buildings, the simple LCCO2 method is 
sufficient to analyze CO2 emission reduction effects of energy-saving measures or plan. As a result, 
only the initial embodied CO2 emission of renovation and sequent change are taken into account, and 
the evaluation system, apart from reducing CO2 emissions during the operational phase of the subject 
building, also takes into account the initial embodied CO2 emissions.  
 
The CO2 emissions from electricity production and materials in China in the plans are shown in Table 
2.1 (Cited in Zhao et al., 2004, Gong et al., 2004, Chen et al., 2004a, Liu, 2002). The datum 
concerning paint is revised from the Japanese database (Japanese Society of Architecture, 2003). 
 
Table 2.1. Conversion Factors between Electricity/Materials and 
CO2 Emission of China (*Recycling was considered) 
Energy/Material Unit CO2 emission [kg]/Unit 
Electricity kWh 0.95 
Glass kg 1.40 
PVC profile kg 8.69 
Section steel* kg 1.40 
Concrete kg 0.19 
Steel bar* kg 0.92 
Polystyrene kg 17.25 
Aluminum* kg 1.02 
Timber kg 0.2 
Paint kg 1.63 
 
Since the design code (Ministry of Construction of China, 1999) regulates that residential buildings be 
designed to operate for at least 50 years, the residual period of subject building’s life cycle can be 
expected after the first energy-efficient renovation following as the evaluation system. And the 
innovation energy-saving plans/measures, whose life spans are less than residual life-cycle years, will 
have to be implemented more than once during residual life-cycle years. 
 
Eventually the subject buildings will be demolished, despite being renovated or not and the resulting 
CO2 emissions from demolition will be equivalent to or less than present if technological advances in 
the future are taken into account. Additionally, the possible recycling of materials has been considered 
in the conversion factors. Therefore, assumptions on the subject buildings destiny after residual 
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life-cycle years have not been made and the end phase of the building is not incorporated in the simple 
LCCO2 method used in the evaluation system. 
 
The final CO2 emission of the plans will be calculated as follows: Multiplying the annual reduction of 
CO2 emission for electricity saving by residual life-cycle years, and subtracting the initial embodied 
CO2 emission produced in renovations. 
 
2.3.6. Step 6, Integration and Technically Suitable Energy-efficient Renovation Plan 
The purpose of integration is to integrate all feasible and effective energy-saving measures in technical 
fields into a technically suitable energy-efficient renovation plan, which is sole for a certain subject 
building. 
 
Due to potential synergy effects, it is likely that the largest energy efficiencies would be achieved from 
a variety of measures rather than focusing single-mindedly on one at a time. After analysis through the 
aforementioned methods, such as variable analysis, thermal simulation, CFD analysis, revision process, 
LCCO2 analysis, the feasibility to implementation, the energy-saving effect and CO2 emission 
reduction effect of each measure can be assessed. Which measures will be integrated into the sole 
suitable plan can be determined as follows: 
 
(1) If the energy-saving effect is positive and very remarkable (not less than 5% reduction of heating 
and cooling loads) and the CO2 emission reduction effect is positive, the feasible energy-saving 
measure should be integrated into the suitable plan. 
 
(2) If the energy-saving effect is positive but not remarkable (not more than 5% reduction of heating 
and cooling loads) and the CO2 emission reduction effect is positive, the feasible energy-saving 
measures should be evaluated again before integration into the suitable plan. For example, two 
integration plans are firstly developed, one integrating the reference measure into and the other not; 
then the two plans are compared in the effects on energy conservation and CO2 emission reduction. If 
the former is better than the latter, the reference energy-saving measure can be integrated into the 
suitable plan, otherwise, it would be excluded. 
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(3) If some part of building envelope, for example exterior windows, door and shading equipments, has 
to be regularly replaced for life-span termination, and many alike types with different energy 
performance will produce different energy-saving measures. Here, no matter the energy-saving effect 
or the CO2 emission reduction effect is positive or negative, the most important is to compare the 
effects of the suitable plans, which respectively integrate the reference energy-saving measures. The 
measure with the best benefits among those different and mutually replaceable measures will be 
integrated into the sole suitable plan. 
 
2.3.7.  Step 7, Effects on Energy Conservation, CO2 Emission and Cost Reduction of 
Technically Suitable Renovation Plan 
The purpose of this step is to comprehensively evaluate the effect of the technically suitable 
energy-efficient renovation plan. Beside the effects on energy conservation and CO2 emission reduction, 
the effect on cost reduction of it should also be evaluated. The purpose of LCC analysis is to evaluate 
the cost reduction of energy-saving measures or plan. 
 
In the study, by using the simple Life-Cycle Cost method (LCC method), accurate calculations of initial 
costs of each measure or plan and their overall final financial benefits will likely ensure that they will 
be implemented in the energy-efficient renovations. Common LCC method about building energy 
conservation involves all investments and yields in all stages of subject building. For energy-efficient 
renovation of existing buildings, the simple LCC method is sufficient to analyze cost reduction effects 
of energy-saving measures or plan. As a result, in the evaluation system, the initial outlay costs and the 
total electricity savings are taken into account in the LCC costs. If the electricity savings are greater 
than the initial costs, the measure or plan is financially beneficial and should be recommended for 
application to an actual project. However, if the savings are less than the initial costs then the measure 
or plan should not be considered. 
 
The cost of electricity and materials is dependent on many factors (e.g. market, inflation, etc.), and the 
cost data in the paper is cited from 2007 market prices. Any added costs due to the interest rate on the 
loan for the initial investment can be counteracted or exceeded by the increased value of the property 
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due to rapid economic development in China. As a result, the present simple LCC method used in the 
study does not include the interest and inflation rate.  
 
In 2007 the price of electricity was 0.53 ￥RMB/(kWh) (Hangzhou City’s Government, 2007), and the 
initial costs of the measures and plans are derived based upon the calculations of professional 
companies. 
 
The final cost reduction of each energy-saving measure or plan will be calculated as follows: 
Multiplying the annual cost reduction for electricity saving by residual life-cycle years, and subtracting 
the initial cost produced in renovations.  
 
2.3.8. Step 8, Integration of Improving Lifestyle and Technical Plan, Benefit from and 
Barrier in Economy to Implementation of Energy-efficient Renovation of Subject Building 
The purpose of integration of improving occupants’ lifestyle and the technically suitable plan is to 
maximize the effect of energy-efficient renovation. 
 
After integration, the energy-saving effect, CO2 emission reduction effect and cost effect of 
energy-efficient renovation can be calculated through the aforementioned methods, such as variable 
analysis, thermal simulation, CFD analysis, revision process, LCCO2 analysis and LCC analysis. 
 
Although the effects of the technically energy-saving plan will rebate because improving occupants’ 
lifestyle will reduce the total household energy. But after integrating the technically energy-efficient 
plan and improving occupants’ lifestyle, the final effects will be enhanced. In addition, improving 
occupants’ lifestyle through energy-saving education also can restrain the rebound effect, which would 
reduce the effect of the technically suitable plan. From this perspective, following the evaluation 
system to design and implement energy-efficient renovation can maximize the effect of energy-efficient 
renovation. 
 
Ouyang et al. (2008a) had proven that energy-efficient renovation of existing residential buildings of 
Hangzhou is benefited to energy conservation and CO2 emission reduction. However, Ouyang et al. 
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(2009a) had indicated that due to the too low electricity price of China, the economic benefit from 
every technical measure by improving building envelope for energy-efficient renovation of existing 
residential buildings of Hangzhou is negative, even from the life-cycle point of view. Therefore, it is 
very necessary to comprehensively evaluate the benefits in energy conservation and reducing 
environmental loads from and barriers in economy to implementation of energy-efficient renovation. 
With the comprehensive and accurate evaluation, the decision-makers can make the appropriate 
decision. 
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CHAPTER 3: 
CASE STUDIES 
 
3.1. SELECTION OF CASE BUILDINGS  
Selecting the suitable case buildings is the first step to undertake a successful investigation and case 
studies, so the characteristic “representative” should be taken into account. So in the study, three 
typical buildings are selected as case buildings after analyzing step by step the climatic characteristic of 
the hot summer and cold winter region, the economic situation and the development history of 
residential buildings in the city of Hangzhou of China.  
 
3.1.1. Climatic Characteristic of Hot Summer and Cold Winter Region in China 
Approximately 98% of China land area stretches between a latitude of 20o N and 50o N, from 
subtropical zones in the south to temperate zones (including warm-temperate and cool-temperate) in 
the north (Zhao, 1986 and Zhang, 1992). The maximum solar altitudes vary considerably and there is a 
large diversity in climates, especially the temperature distribution during winter. China is situated 
between Eurasia, the largest continent, and the Pacific Ocean, allowing the monsoons to be well 
developed. Besides, characteristics associated with continental climates can be identified with warmer 
summer, cooler winter and a larger annual temperature range than other parts of the world with similar 
latitudes. China also has a complex topography ranging from mountainous regions to flat plains. These 
diversities and complexities have led to many different climates with distinct climatic features. There 
are various ways to classify climatic types or zones according to different criteria using differently 
climatic variables and indices. In China, a major climate classification is for the thermal design of 
buildings concerned mainly with conduction heat gain/loss through the building envelope and the 
corresponding thermal insulation issues. According to the specification of the standard GB50176-1993 
(Ministry of Construction of China, 1993), China is divided into five regions (See Fig.1.7), e.g. very 
cold region, cold region, hot summer and cold winter region, hot summer and warm winter region, and 
warm region. The cities of Haerbin, Beijing, Hangzhou, Guangzhou and Kunming are the very typical 
cities in the five regions, respectively. In Fig.3.1, the monthly mean air temperatures in 2007of the 
cities show evidently one of the different characteristics among the five regions (National Bureau of 
Statistics of China, 2008). 
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Fig.3.1. Comparison of Monthly Mean Air temperature in 2007 of Five Cities of China 
(Resource: National Bureau of Statistics of China, China Statistical Yearbook-2008, 2008. Rearranged by author) 
 
Specified by the standard JGJ134-2001 (Ministry of Construction of China, 2001), most eastern and 
western areas of China are included in the hot summer and cold winter region, although their climates 
differ widely. The climate in this region typically involves several factors: (1) Because of the region’s 
low latitude and intensive solar radiation in summer, a Pacific/subtropic high air-pressure climate lasts 
more than a month; (2) Phenomena known as thermal islands develop in cities, such as Shanghai, 
Hangzhou, Nanjing, Wuhan, etc.; (3) In winter, the mean temperature of the coldest month commonly 
is 8~10℃ lower than that of other places at the same latitude, making this region the coldest area at its 
latitude in the world; (4) The percentage of sunshine time in the eastern hot summer and cold winter 
region is not more than 50%, and in January the percentage in the western area is only 9%; (5) There is 
high relative humidity throughout the year. 
 
The region, while representing less than 20% in area, accounts for more than 40% of the Chinese 
population and nearly 50% of the country’s economy, this will have a significant impact if all existing 
residential buildings with poor energy performance in the region were improved to comply with the 
national standard. 
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Feng (2004) contended that both winter heat loss and summer heat gain of residential buildings in this 
region are crucial and must be considered in thermal design. For this reason it is hoped that information 
presented in the study will not only provide a general idea about the residential energy savings in the 
region, but also offer some solutions for future energy studies for other regions of China.  
 
3.1.2. Description of Hangzhou 
Hangzhou, the capital of Zhejiang Province, is a typical city in the hot summer and cold winter region 
(See Fig.1.7). It is located in the South Wing of the Yangtze River Delta, which is the most developed 
economic region of China. The per capita GDP of the city grew more than three times that of China 
between 1996 and 2005 (See Fig.3.2) (National Bureau of Statistics of China, 2008 and Hangzhou 
Statistics Bureau, 2009).  
 
 
 
 
 
 
Fig.3.2. GDP Comparison of Hangzhou and China 
(Resource: (1) Hangzhou Statistics Bureau, Hangzhou Statistics Yearbook-2008, 2009; (2) National Bureau of 
Statistics of China, China Statistical Yearbook-2008, 2008. Rearranged by author) 
 
Not surprisingly, the energy shortage of the province has also been the most acute here and has 
seriously restricted economic development and normal residential life. Hangzhou statistical 
yearbook-2008 reported that urban residential electricity consumption increased from 1,679 million 
kWh in 2001 to 3,253 million kWh in 2006. Although the local governments of the province and the 
city have both published individual detailed energy-efficient standards (Department of Construction of 
Zhejiang Province, 2003, and Hangzhou Construction Committee, 2002) respectively for new and 
rebuilt residential buildings, real estate developers are reluctant to comply with the codes due to 
increased costs and uncertain benefits for buyers. Additionally, buildings with large area windows, 
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complicated shapes, etc. are very popular in the city’s real estate market. As a result, the market is 
strongly against energy saving codes and at least 95% (e.g., 47.5 million m2) of residential buildings in 
the city have been designed and built without considering energy-saving measures and with poor 
thermal quality. In the next decades buildings constructed with poor thermal performance will be 
refurbished with energy savings taken into account (thereby adhering to the residential energy-efficient 
standards) before being demolished. It is therefore, necessary and meaningful to examine suitable plans 
for, and co-benefits from, improving existing urban residential structures in the city. 
 
With the continually developing economic situation throughout the entire country, all other cities will, 
in the foreseeable future, also experience the same problems as those that have occurred in Hangzhou. 
For this reason it is hoped that information presented in the study will not only provide a general idea 
about the residential energy savings in the city, but also offer some solutions for future energy studies 
for other cities and throughout the country as a whole. 
 
3.1.3. Description of Residential Building’s Construction History of Hangzhou 
 
 
 
 
 
 
Fig.3.3. Construction History of Residential Buildings of Hangzhou 
(Resource: Hangzhou Statistics Bureau, Hangzhou Statistics Yearbook-2008, 2009. Rearranged by author) 
 
Hangzhou statistical yearbook-2008 (Hangzhou Statistics Bureau, 2009) represents that more than 50 
million m2 residential buildings had been built until the end of 2006 since 1978 in the city (see Fig.3.3). 
In the construction history of the residential buildings, the thermal performance of the buildings 
changed or improved with the development in construction materials, technologies, design styles, 
 65
especially relative thermal design regulations (see Table 3.1), etc. In term of vintage, those buildings 
belong to three eras (see Table 3.2), namely pro-1990 (1978~1990), in 1990’s (1991~2000), and 
post-2000 (2000~2006). 
 
Table 3.1. Design Standards and Thermal or Energy-efficient Regulation for Residential Buildings in China and Hangzhou 
No. Issue year Regulation Name 
1 1986 Architectural design code for residential buildings (GBJ96-1986) (Ministry of Construction of China, 1986) 
2 1986 Thermal design regulations for residential buildings (JGJ24-1986) (Ministry of Construction of China, 1986) 
3 1993 Thermal design regulations for residential buildings (GB50176-1993) (Ministry of Construction of China, 1993) 
4 1999 Design code for residential buildings (GB50096-1999) (Ministry of Construction of China, 1999) 
5 2001 
Design standard for energy efficiency of residential buildings in Hot Summer and Cold Winter Zone 
(JGJ134-2001) (Ministry of Construction of China, 2001) 
6 2002 
Design standard for energy efficiency of residential buildings in Hot Summer and Cold Winter Zone (Detailed 
rules in Hangzhou) (CJS03-2002) (Hangzhou Construction Committee, 2002) 
7 2003 
Design standard for energy efficiency of residential buildings in Zhejiang province (DB33/1015-2003) 
(Department of Construction of Zhejiang Province, 2003) 
 
Table 3.2. Classifications of Existing Residential Buildings in Hangzhou 
Era Pro-1990 In 1990’s Post-2000 
Period 1978~199 1991~2000 2001~2006 
Ratio of area 16.60% 29.96% 53.44% 
Economy system Plan 
Market gradually replaced 
plan 
Market 
Stage 
Basic housing 
stage 
Commodity apartment 
construction stage 
Omni-directional development stage
Construction department 
or company 
Governmental 
departments 
Estate companies and 
Governmental departments
Most by estate companies and a 
little by Governmental departments
 
(1) Pro-1990 (1978~1990) 
Before 1990, plan economy system still prevailed in the estate field of China. Overwhelming majority 
of residential buildings was constructed mainly for the basic housing need and distributed to occupants 
under the management of local governmental departments. So the first era can also be named as basic 
housing stage.  
 
The design code “Design code for residential buildings (GBJ96-1986)” was enacted as a law in 1986. 
In the same year the thermal regulation “Thermal design regulations for residential buildings 
(JGJ24-1986)” was issued, but it covered only the very cold and cold region of china. 
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Under the single thought by governmental department and the shortage of advanced technologies, 
materials, etc., almost all buildings were constructed with the same style, materials, etc. For examples, 
solid clay brick was the main and only material of wall, and steel and wood were the frame materials of 
windows, which were replaced by aluminum or plastic frame later after 1990 by house owners.  
 
Many famous neighborhoods in city had been constructed in the era, such as Gudang neighborhood, 
Cuiyuan neighborhood, etc. Most of them have experienced for 20 years or so, a very small part of 
those buildings have been demolished already in the process of the city’s development, and the residual 
are tattered from the exterior at least, and facing to be disposed or refurbished.  
 
(2) In 1990’s (1991~2000) 
In 1990’s, market economy system began to gradually replace plan economy system. Government 
permitted some private estate companies entering the estate market and constructing residential 
buildings. At the same time, along with the improvement of people's living conditions resulted from 
China Economic Reformation, some higher quality houses were constructed by estate companies to be 
more salable. So the second era can also be named as commodity apartment construction stage.  
 
Driven by the tide, the design code “Design code for residential buildings (GBJ96-1986)” was finally 
improved to “Design code for residential buildings (GB50096-1999)” in 1999, and the level of the 
thermal regulation (JGJ24-1986) was improved from building sector level to national level 
“GB50176-1993” in 1993, but it still was useless in the hot summer and cold winter region. In the 
period, the technical improvement in residential buildings in the city was focused mainly on aesthetic, 
safe, structural aspects, not including thermal aspect. For examples, concrete and steel was more 
applied in the structure of buildings and aluminum or plastic frame had substitute for steel and wood as 
the initial choice of windows. 
 
As the enlargement of the city to western district in the era, many famous neighborhoods had been 
constructed to meet the tide of more people settling down in the city, such as Zijin neighborhood, 
Kangle neighborhood, Nandou neighborhood, Daguan neighborhood, etc. Most of them have 
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experienced for 10 years or so, and now are facing to be disposed or refurbished due to a contaminative 
urban environment and the relatively poor protective systems in Chinese cities. 
 
(3) Post-2000 (2001~2006) 
After 2000’s (2000~2005), market economy system had been trustful and prevailing completely in 
China. Major of residential buildings were constructed by estate companies and were directly launched 
into market for occupants to buy, those buildings were called market buildings; Governmental 
department still constructed many residential buildings a little away from urban center, those buildings 
were called economical buildings. Compared to marketable buildings, those buildings are very cheap to 
meet poorer families, and were distributed under special management of governmental departments. So 
the final era can also be named as omni-directional development stage.  
 
With the improvement of people's living conditions and further China Economic Reformation in all 
aspects, estate companies had to build higher quality houses than other companies under the 
competition pressure. More and more styles and materials were introduced and produced in China. On 
the other hand, under the pressure of energy shortage and global warming, the energy-efficient 
standards at national, province and city levels “Design standard for energy efficiency of residential 
buildings in hot summer and cold winter zone (JGJ134-2001)”, “Design standard for energy efficiency 
of residential buildings in hot summer and cold winter zone, detail rules Hangzhou (CJS03-2002)”, 
“Design standard for energy efficiency of residential buildings in Zhejiang province 
(DB33/1015-2003)” were enacted as laws one after one since 2000. But those building energy-efficient 
standards had not achieved the effect as it supposed to be. Until 2008 the local government decided to 
compulsorily bring them into effect for every residential building in the city, so only less than 5% new 
residential buildings had been constructed to match the three energy-efficient standards. 
 
As the further enlargement of the city to eastern and northern district in the era, many economical 
residential neighborhoods had been constructed to meet more and more people swarming into the city, 
such as Sanliting neighborhood, Dongxinyuan neighborhood, etc. The thermal performance of the 
buildings are better than those constructed before 2000, but still very far away from the initial object of 
energy savings in the corresponding energy-efficient standards. So maybe in next ten years, those 
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building in the era will also face to be refurbished with energy savings taken into accounted. 
 
3.1.4. Selection and Introduction of Case Buildings 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.4. Location of Case Buildings in Hangzhou 
Note: A-Building A, Gudang Neighborhood; B-Building B, Zijin Neighborhood; C- Building B, Dongxinyuan 
Neighborhood; 1-West Lake; 2- Yuquan Campus, Zhejiang University; 3- Xixi Campus, Zhejiang University; 4- 
Hubin Campus, Zhejiang University; 5-Huajiachi Campus, Zhejiang University; 6- Zijingang Campus, Zhejiang 
University. 
 
Table 3.3. Comparison of Three Case Buildings 
Difference Building A Building B Building C 
Era Pro-1990 In 1990’s Post-2000 
Vintage (Construction Year) 1986 1995 2002 
Neighborhood Gudang Zijin Dongxinyuan 
Layers Medium-rise/5-layer Medium-rise/7-layer High-rise/11 
Households in Every Layer 6 4 8 
Number of Units 2 2 4 
Number of Households 30 28 88 
Types of Floor Area 3 2 3 
Types of stair Ordinary stair Ordinary stair Ordinary stair and Elevator 
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The three eras is classified by tracing the developing history of residential buildings, which was 
determined by the economic and political system of that time. And three typical case buildings 
(Building A, Building B and Building C) were selected respectively from the three eras (see Table 3.3), 
the lactations of them are shown in Fig.3.4, and their photos are shown in Fig.3.5~3.7. 
 
 
 
 
 
 
 
 
Fig.3.5. Photos of Building A 
 
 
 
 
 
 
 
Fig.3.6. Photos of Building B 
 
 
 
 
 
 
 
 
Fig.3.7. Photos of Building C 
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3.2. STEP 1, SITE INVESTIGATION AND ATTRIBUTES OF CASE BUILDING 
In order to make clear the actual thermal and energy performance of the existing residential buildings 
of Hangzhou for energy-efficiency improvement, the research intends to conduct a comprehensive site 
investigation of the research subject to collect the actual information as follows: (1) Actual electricity 
consumption, (2) Attribute of surrounding outdoor environment, (3) Attribute of building envelope, and 
(4) Attribute of occupants’ lifestyles. To the three buildings, the study conducted a site investigation 
about the original information by rational arrangement of survey time (Shown in Table 3.4). Reliable 
and accurate data are critical to good analysis and calibration of energy consumption. 
 
Table 3.4. Arrangement of Survey Time 
Item of Site Investigation Time of Site Investigation 
Actual monthly electricity consumption 
First day every month, from March 2007 to 
February 2008, and July 2008 
Attribute of surrounding outdoor environment February 2007 
Attribute of building envelope February 2007 
Energy-saving education  25th~30th, June 2008 
Attribute of occupants’ lifestyles 1st~10th, August 2008 
 
3.2.1. Attributes of Occupants’ Lifestyles 
The purpose of making clear the attribute of occupants’ lifestyle of subject buildings is to discuss the 
relationship between household lifestyle and energy consumption, and identify the possibility and 
potential of improving their lifestyle for energy savings. 
 
3.2.1.1. Classification of Subject Households 
Of the 146 households in the three case buildings, 124 households were further selected as subject 
households to investigate their lifestyles, the relative information are shown in Table 3.5. 
 
Table 3.5. Distribution of Subject Households 
Item Building A Building B Building C Total 
Households 30 28 88 146 
Subject Households 30 28 66 124 
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Of the 124 households, half were selected as “Improved households” in the study. They were provided 
with energy-saving education and informed of energy-saving tips in domestic life before July 2008, and 
expected to save electricity consumption more or less in July 2008 with no or a receivable reduction of 
living standard according to the tips. It was recommended that they try to properly adjust their lifestyle 
to a good balance point between energy savings and their own acceptably comfort life (including 
physical and psychological comfort, convenience, health, etc.), and it was not laudable to conduct too 
much at the expense of the reduction of their life quality, health and safety. 
 
The residual households are called “Reference households” in the study. and their lifestyle was kept 
intact deliberately as possible in July 2008. So the marks of their lifestyle in July 2008 can be assumed 
the same as those in July 2007, and can be set as one reference to estimate the advantage of the 
energy-saving education to “Improved households”. 
 
Table 3.6. Classification of Subject Households 
Building Group Floor area (m2) Households
A1Y 5 
A1N
51.11 
5 
A2Y 5 
A2N
42.94 
5 
A3Y 5 
Building A 
A3N
63.94 
5 
B1Y 7 
B1N
102.13 
7 
B2Y 7 
Building B 
B2N
74.45 
7 
C1Y 11 
C1N
114.04 
11 
C2Y 11 
C2N
92.95 
11 
C3Y 11 
Building C 
C3N
89.41 
11 
Total   124 
 
All subject households are classified into 16 groups (see Table 3.6) in terms of building, floor area and 
“Improved households” or “Reference households”. The households belonging to Group A1Y, A2Y, 
A3Y, B1Y, B2Y, C1Y, C2Y and C3Y are “Improved households”, the corresponding “Reference 
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households” belong to Group A1N, A2N, A3N, B1N, B2N, C1N, C2N and C3N respectively. Then, the 
energy-saving effect by improving occupants’ behavior can be evaluated by comparing the differences 
of the electricity consumptions in July 2007 and in July 2008 of “Improved households” and 
corresponding “Reference households”. 
 
This classified method of subject households is especially different to many other studies, in which all 
subject households were provided with the energy-saving education and tips. Considering the not 
identical local weather in July 2007 and in July 2008, it is necessary to estimate the difference of the 
weather in the two months, and consequently the different influences on the electricity consumptions of 
the subject households in the two months by using this classification method. 
 
To the subject households, other than the attributes of their lifestyles, the study planed to undertake an 
energy-saving education to evaluate the effects on improving their lifestyles and thereby reducing 
energy consumption. Considering that the intervention into their normal life would distort the 
information about their actual energy consumption, so the study decided to do the survey about their 
lifestyles and the energy-saving education after a whole-year record of energy consumption, and the 
detailed survey time is shown in Table 3.4. 
 
The content of household lifestyles can be classified into four parts as follows: 
 
(1) Occupants’ characteristics: number, sex, age, education degree, income and time of staying at home 
of household member. 
 
(2) Household primary electric appliances: types, number, power and importance to domestic life. 
Importance marks of the primary electric appliances are evaluated in terms of usage time, electricity 
consumption and influence on domestic life. The occupants themselves evaluated it according to the 
5-grade-scale (1-very important; 2-important; 3-neutral; 4-unimportant; 5-very unimportant). 
 
(3) Consciousness marks: occupants’ consideration of 10 questions on energy savings and 
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environmental problems. They answered the questions according to the 5-grade-scale (1-very positive; 
2-Positive; 3-neutral; 4-negative; 5-very negative). 
 
(4) Behavior marks: The occupants themselves evaluated their behavior marks on how they 
implemented the measures in their daily domestic life in July 2007 and in July 2008 (1-did thoroughly; 
2-did; 3-neutral; 4-undid; 5-undid thoroughly). If they did not have any type electric appliance, the 
corresponding behavior mark(s) of the measure(s) of the type were zero. The behavior mark of some 
one measure of some one household belonging to “Improved households”, respectively in July 2007 
and in July 2008, should be answered twice. Certainly, the behavior marks of the households belonging 
to “Reference households” in July 2007 were considered the same as those in July 2008. 
 
The above information is very available to figure out the relationship between household lifestyle and 
electricity consumption and the energy-saving effect of improving occupants’ behavior. 
 
3.2.1.2. Occupants’ Characteristics 
Several difficulties were encountered in the process of conducting the survey. Some households 
worried that private information would be divulged and were reluctant to cooperate with us due to 
safety considerations. Also, the long-term records of electricity consumption revealed that a few 
households were only transient tenants who did not live in one of the three subject buildings throughout 
the entire survey period. Finally, there were only 71 households that qualified as remaining valid 
samples: 18 in Building A, 20 in Building B, and 33 in Building C. The survey results about occupants’ 
characteristics, household primary electric appliances, and occupants’ consciousness are described in 
following parts. The results about occupants’ behavior will be discussed with the electricity 
consumption in later part. 
 
The results of occupants’ characteristics in this survey are summarized in Table 3.7, and compared with 
the corresponding statistical data (Hangzhou Statistics Bureau, 2009). The comparison proves that the 
residual subject households in the survey can represent all the households in the city in terms of 
household structure. 
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Fig.3.8 shows that the households with 3 persons (i.e. parent and one child) are the most popular in 
Hangzhou city and traditional big families are becoming less with year, due to the policy of “Family 
Plan” in China. 
 
Table 3.7. Comparison of Occupants’ Characteristics in this Survey and Corresponding Statistical Data 
Item Survey Data of Subject Households Statistical Hangzhou Data of 2007 
Households 71 households 1,244,000 households 
Sex 
male 51.9% and female 48.1% in July 2007 and in July 
2008 
male 50.6% and female 49.4% 
Population 
237 persons in July 2007 
239 persons in July 2008 
4,195,000 persons 
Household size 
3.34 persons/per household in July 2007 
3.37 persons/per household in July 2008 
3.37 persons/per household 
Classification in 
Terms of Age and 
Time of Staying 
at Home 
(1) new babies (younger than 3-year old) and their mothers, 
and retired old peoples: 16.74% 
(2) children from 3- to 22-year old, students: 26.36%  
(3) main labors from 23- to 60-year old: 56.90% 
(1) 16.91% 
(2) 22.50% 
(3) 60.59% 
House Floor Area 
25.2 m2/per capita in July 2007 
25.4 m2/per capita in July 2008 
21.6 m2/per capita 
Education Degree See Fig. 3.9 / 
Annual Income Failed to get data 
Annual disposable income in 2007: 21,689
￥/per capita 
 
 
 
 
 
 
Fig.3.8. Distribution of Family Structure in Term of Household Size of All Subject Households 
 
In terms of age and time of staying at home, the residents can be divided into 3 types roughly: (1) new 
babies (younger than 3-year old) and their mothers, and retired old peoples. They spend most of their 
time staying at home; (2) children from 3- to 22-year old. The vast majority of them is student and 
spends most of their time in school except in holidays; (3) main labors from 23- to 60-year old. The 
vast major of them spends most of their time out of home and on working to bring their families except 
in holidays. The 3 types accounted for 16.74%, 26.36% and 56.90% respectively of the all residents. 
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The corresponding statistical values were 16.91%, 22.50% and 60.59% in the end of 2007 (Hangzhou 
Statistics Bureau, 2009). 
 
The education degree of the residents, even within the same family, varied very much. After all, formal 
modern education began in the last 1970s in China. So this paper uses the highest education degree 
among all household members as the education degree of some one household, and Fig.3.9 shows the 
distribution of the highest education degree of the 71 households. 
 
 
 
 
 
 
 
Fig.3.9. Distribution of Highest Education Degree of All Subject Households 
 
Annual income includes salary, bonus and allowance of a year. But the grey income accounts for a very 
important part of all real income in many families, and many people consider it as a very private 
question, so many families gave up answering the question and the survey failed to make clear this 
item. 
 
3.2.1.3. Household Primary Electric Appliances 
Technology changes and improves people’s living standard. Now, electric appliances are so important 
to urban residents that urban modern life cannot go without them. The increment of the ownership of 
electric appliances leads to a high growth rate of residential electricity consumption. In the research, in 
terms of approximate power, usage time and importance on domestic life in the survey, ten primary 
electric appliances are distinguished from all electric appliances, and the information about the 
possession of them in the subject households is summarized in Table 3.8. Certainly, Lighting is very 
important for modern urban life, but the number of the common lighting bulbs in many households are 
very difficult to account, because some bulbs are turned on not only for lighting but also for decoration 
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and guard, so not listed in Table 3.8. Additionally, other unimportant electric appliances, such as 
electric kettle, iron, vacuum cleaner, hair drier, etc., are not listed here too, because they consume a 
relatively little part of total electricity consumption compared to the primary ones. 
 
Table 3.8. Penetration of Primary Electric Appliances in 71 Residual Subject Households 
July 2007 July 2008 Electric Appliance
Type Number Possession HouseholdsNumber Possession Households
Mean Mark of Importance
Air-conditioning 188 67 192 69 1 in summer; 2.5 in winter
Refrigerator 72 67 74 67 1 
Color TV 127 69 129 69 1.3 
Computer 109 62 117 65 1.4 
Electric cooker 72 70 73 70 1 
Water heater 54 47 55 47 1.5 in winter; 1 in summer
Washing machine 60 58 62 60 1.5 
Microwave oven 45 45 47 46 2 
Ventilation fan 145 62 145 62 1.4 in summer 
Kitchen fan 60 60 60 60 1 
Ultra power bulb 40 39 40 39 1.2 in winter 
DVD 31 27 32 28 1.6 
 
From Table 3.8, the information about the primary electric appliances can be analyzed in detail: 
 
(1) The numbers of the primary electric appliances increased in those households in the survey period. 
The increase ranges of air-conditioning and computer were the highest in the period from July 2007 to 
July 2008.  
 
(2) The numbers of some types were more than 71, it shows that many households possessed of more 
than one such electric appliances. While the possession households of all types were less than 71, it 
shows that some relative poor families couldn’t afford some electric appliances presently. But in the 
future, they will buy the electric appliances, especially those necessary types, if they want and can 
afford with income increment. Evidently, the increase trend of the number of almost all electric 
appliances will not stop in the near future until saturation. 
 
3.2.1.4. Consciousness of Occupants 
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10 questions about energy savings and environmental problem in the survey were asked to evaluate 
occupants’ awareness and willingness for energy savings in domestic life. The mean marks of the 
questions of the households are shown in Table 3.9. 
 
Table 3.9. Results of Survey Mark of Occupants’ Conscious 
No. Question Survey Mark
1 Do you care about the problem of global warming and/or greenhouse effect? 2.0 
2 Do you care about energy shortage in China? 1.9 
3 Do you support the policies and codes for building energy saving? 2.0 
4 Does the electricity shortage in Hangzhou city affect your life? 2.9 
5 Do you think that the current electricity price is expensive? 2.8 
6 Do you think that the ratio of the electricity budget to all income is too high in your family? 3.3 
7 Do you like to do something to save electricity if possible? 1.7 
8 Will you try not to turn on air-conditioning if not too hot? 2.1 
9 Will you try not to turn on air-conditioning or other heating machine if not too cold? 1.9 
10 Do you like outdoor life? 1.9 
 
From Table 3.9, the information about occupants’ consciousness can be analyzed in detail: 
 
(1) Thanks to public media, most Chinese understood the questions No.1~3. Still, some old or poor 
with lower education degree did not care about the questions, but they were the only residents who 
likely consume the least electricity and were the most interested in energy-saving measures.  
 
(2) In the extreme hot summer and cold winter in last years, the local government of Hangzhou city had 
to cut electricity supply in turn some hours in daytime among all residential neighbors. Fortunately, 
electricity blackout did not happen in the three buildings in July 2008, because of the increased 
capacity of electricity supply, a little lower mean air temperature than that in July 2007 and the 
performance of energy savings in other areas, industries and public buildings. So to the question No.4 
most residents did not feel the inconvenience induced by electricity shortage in July 2008, but still a 
few kept the bad experience in mind.  
 
(3) The price of electricity consumed by the residential sector in the city was 0.53 (yuan￥) from a.m. 
8:00 to p.m. 22:00, 0.28 (yuan￥) from p.m. 22:00 to a.m. 8:00 in next day. Also due to public media, 
most people thought electricity price was really not expensive. Only the relative poor did not think so. 
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In addition, the ratio of the electricity budget to all income is becoming less with the substantial 
increase of real income and little change in the electricity price of China. Huang et al. (2007) 
considered that increasing energy price is a very valid way to stimulate people to save energy, the 
survey marks of the questions No. 5~6 prove it is possible to increase electricity price gradually as one 
means for energy savings without any social turbulence. 
 
(4) The survey marks of the questions No. 7~10 testify the residents’ willingness to save electricity. But 
they took it for granted that it was the governments’ duties, not the individual, to save energy, and 
seldom realized that they also can make great contribution to it. The results shows that it is worth 
conducting such survey and take the research. If such survey was conducted by or with the help of the 
local governments with higher authority and general confidence, many residents would like to 
cooperate, and the activity would go smoothly, then the performance by providing energy-saving 
measures would be more noticeable.  
 
3.2.2. Attributes of Building Envelope 
The purpose of making clear the attribute of building envelope of subject buildings is to identify the 
thermal performance of their envelope and accordingly bring out the feasible energy-saving measures 
by improving building envelope for their retrofit. 
 
Before retrofit, key design parameters affecting the building envelope heat gain and loss should be 
identified. These include shape coefficient, the K-values (heat transfer coefficient) of the external walls, 
windows and the roof, window-to-wall ratio (i.e. ratio of the window area to the total external wall area, 
including window), and shading coefficients (SC) of the glazing materials and absorption coefficient of 
the opaque area. Before retrofit, e.g. current conditions, the ranges of these design parameters are 
summarized as follows, and then the most important measures for retrofit can be ascertained. 
Fig.3.10~3.12 are the standard plans of the three buildings. 
 
Building A: 
(1) Since the stairs are not enclosed, air is directly exchanged with the outdoors. The resulting shape 
coefficient is 0.43. 
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(2) The ratio of exterior windows/wall area is shown in Table 3.10. The K (heat transfer coefficient) 
and SC (shadow coefficient) of exterior windows (plastic frame and 5mm glass) are 4.70 W/(m2·k) and 
0.70. 
(3) The K and D (thermal inertia index) of the roof are 3.969 W/(m2·k) and 1.554 respectively. 
(4) The mean K and D of the exterior walls are 2.189 W/(m2·k) and 3.520 respectively. 
(5) The absorption coefficient of the roof and exterior walls’ are 0.60 and 0.70 respectively. 
 
 
 
 
 
 
 
 
Fig.3.10. Standard Plan from First to Fifth Floor of Building A 
 
Table 3.10. Ratio of Exterior Windows/Wall Area of Three Case Buildings 
Orientation South North West East 
Building A 0.41 0.16 0.20 0.17 
Building B 0.35 0.23 0.12 0.12 Ratio 
Building C 0.48 0.52 0.17 0.17 
 
Building B:  
 
 
 
 
 
 
 
Fig.3.11. Standard Plan from First to Seventh Floor of Building B 
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(1) Since the stairs are not enclosed, air is directly exchanged with the outdoors. The resulting shape 
coefficient is 0.38. 
(2) The ratio of exterior windows/wall area is shown in Table 3.10. The K (heat transmission 
coefficient) and SC (shadow coefficient) of exterior windows (aluminum frame and 5mm glass) are 
6.25 W/(m2·k) and 0.80. 
(3) The K and D (thermal inertia index) of the roof are 3.969 W/(m2·k) and 1.554 respectively. 
(4) The mean K and D of the exterior walls are 2.355 W/(m2·k) and 3.251 respectively. 
(5) The absorption coefficient of the roof and exterior walls’ are 0.60 and 0.70 respectively. 
 
Building C:  
(1) The resulting shape coefficient is 0.24. 
(2) The ratio of exterior windows/wall area is shown in Table 3.10. The K (heat transmission 
coefficient) and SC (shadow coefficient) of exterior windows (aluminum frame and 5mm glass) are 
6.25 W/(m2·k) and 0.80. 
(3) The K and D (thermal inertia index) of the roof are 2.925 W/(m2·k) and 2.552 respectively. 
(4) The mean K and D of the exterior walls are 2.354 W/(m2·k) and 3.298 respectively. 
(5) The absorption coefficient of the roof and exterior walls’ are 0.70 and 0.70 respectively. 
 
 
 
 
 
 
 
 
Fig.3.12. Standard Plan from First to Eleventh Floor of Building C 
 
Finally, Table 3.11 summarizes the values about the currently (pro-renovation) thermal performance of 
building envelope of the three case buildings for easily comparison. 
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Table 3.11. Comparison of Thermal Performance of Building Envelope of Three Case Buildings 
Component Building A Building B Building C 
Roof 
20mm Cement mortar + 
120mm Reinforced concrete + 
10mm Cement& lime mix 
mortar 
K=3.969 W/(m2·k) 
D=1.554 
20mm Cement mortar + 
120mm Reinforced concrete + 
10mm Cement& lime mix 
mortar 
K=3.969 W/(m2·k)  
D=1.554 
20mm Cement mortar + 120mm 
Reinforced concrete + 80mm Light 
aggregate concrete + 10mm Cement& 
lime mix mortar  
K=2.925 W/(m2·k) 
D=2.552 
Exterior 
wall 
20mm Cement & lime mix 
mortar + 240mm Solid clay 
brick +20mm Cement 
mortar  
K=2.189 W/(m2·k) 
D=3.520 
20mm Cement & lime mix 
mortar + 240mm Solid clay 
brick +20mm Cement  mortar
K=2.355 W/(m2·k) 
D=3.251 
20mm Cement & lime mix mortar + 
240mm Hollow clay brick +20mm 
Cement  mortar 
K=2.354 W/(m2·k) 
D=3.298 
Exterior 
windows 
plastic frame+5mm glass 
K=4.70 W/(m2·k) 
SC=0.70 
aluminum frame+5mm glass
K=6.25 W/(m2·k) 
SC=0.80 
aluminum frame+5mm glass 
K=6.25 W/(m2·k) 
SC=0.80 
 
3.2.3. Attributes of Outdoor Environment 
The purpose of making clear the attribute of surrounding outdoor environment of subject buildings is to 
bring out the feasible energy-saving measures by improving outdoor environment for their retrofit. 
 
Before retrofit, e.g. current conditions, the layer attribute of land use of outdoor environment around 
the three case buildings are depicted in Fig.3.13~3.15, and the ratios of water, green, road, open space, 
building area to total area are summarized in Table 3.12~3.14.  
 
Building A: 
Table 3.12. Data of Land Use around Building A in Gudang Neighborhood 
Land Use Area (m2) Ratio (%) 
Building 15,099 37.74% 
Water 0 0 
Road 9152 39.38% 
Green 15,751 22.88% 
Total 40,000 100% 
 
Gudang neighborhood was located in the suburb of Hangzhou when it was constructed more than 20 
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years ago. But now it is very near the main urban center within the urbanization process of the city. It is 
composed of more than 100 residential buildings, and the area of the whole neighborhood is very large. 
The length and width of Fig.3.13 are 200 meters, and the case building is located in the center. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.13. Land Use of Outdoor Environment around Building A in Gudang Neighborhood (200m×200m) 
 
Building B: 
Zijin neighborhood was also located in the suburb of Hangzhou when it was constructed more than 10 
years ago. But now the range around it has become very good place for living. It is composed of 22 
residential buildings, and the neighborhood is relative small compared to the others two neighborhoods 
of the study. The length and width of Fig.3.14 are more than 200 meters, and the case building is 
located near the center. 
 
Table 3.13 Data of Land Use around Building B in Zijin Neighborhood 
Land Use Area (m2) Ratio (%) 
Building 15,661 31.21% 
Water 1080 2.15% 
Road 15,913 31.72% 
Green 17,522 34.92% 
Total 50,176 100% 
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Fig.3.14. Land Use of Outdoor Environment around Building B in Zijin Neighborhood 
 
Building C: 
Dongxinyuan neighborhood is located in the suburb of Hangzhou now. It is composed of more than 
100 residential buildings, and the area of the whole neighborhood is very large. The length and width 
of Fig.3.15 are 200 meters, and the case building is located in the center. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.15. Land Use of Outdoor Environment around Building C in Dongxinyuan Neighborhood (200m×200m) 
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Table 3.14. Data of Land Use around Building C in Dongxinyuan Neighborhood 
Land Use Area (m2) Ratio (%) 
Building 7312 18.28% 
Water 786 1.97% 
Road 7852 19.63% 
Green 24,050 60.12% 
Total 40,000 100% 
 
3.2.4. Actual Electricity Consumption 
The purpose of recording the actual electricity consumption of subject buildings is to identify the actual 
energy consumption level of them. The original data is very beneficial to accurately evaluating the 
energy performance of subject buildings and the energy-saving effects of energy-saving measures or 
plans for energy-efficient renovation of subject buildings.  
 
At present, electricity is indispensable for modern domestic life in Chinese cities. Other than gas for 
cooking and gasoline for cars, the only energy consumed by occupants in the subject buildings is 
electricity. So in the study, “energy” refers in particular to “electricity”. It is very necessary to make 
clear the actual electricity consumption of the three case buildings for bringing out suitable 
energy-saving measures to improve them.  
 
 
 
 
 
 
 
 
 
 
Fig.3.16. Photos of ammeters 
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Generally, the staff of the electricity department goes to record electricity consumption from ammeters 
and sends bills to every family once every two consecutive months. Many relative investigation papers 
got the original data from the electricity department. Considering that the data from the electricity 
department is not sufficiently detailed or accurate, the research intended to collect the data of the 
monthly electricity consumption on the first day of every month from April, 2007 to March, 2008, 
directly from ammeters (see Fig.3.16), which the electricity department of the city installed for all 
households on the walls of stairwells in the subject buildings. 
 
The long-term records of monthly electricity consumption revealed that a few households were only 
transient tenants who did not live in one of the three subject buildings throughout the entire year. 
Finally, with the help of the survey of occupants’ lifestyle, only 71 households in the three buildings 
were qualified as remaining valid samples: 18 in Building A, 20 in Building B, and 33 in Building C. 
And the average monthly electricity consumptions of the valid samples in the three buildings in the 
twelve consecutive months were shown in Table 3.15. 
 
Table 3.15. Average Electricity Consumption of Three Case Buildings 
Average electricity consumption [kWh/(m2·Month)] 
Time 
Building A Building B Building C 
March, 2007 2.5 2.3 2.2 
April, 2007 2.2 1.9 1.6 
May, 2007 2.6 2.3 1.9 
June, 2007 3.1 2.6 2.3 
July, 2007 7.8 4.9 5.2 
August, 2007 5.4 4.0 3.8 
September, 2007 2.6 2.4 2.0 
October, 2007 2.2 1.9 1.6 
November, 2007 2.3 2.3 2.0 
December, 2007 2.3 3.4 2.7 
January, 2008 4.4 4.1 3.4 
February, 2008 3.4 3.1 3.8 
 
3.3. STEP 2, ENERGY-SAVING EDUCATION AND LIFESTYLE IMPROVEMENT, 
CLIMATIC ANALYSIS AND ACTUAL HEATING AND COOLING LOADS, VARIABLE 
ANALYSIS AND EENRGY-SAVING MEASURE 
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3.3.1. Climatic Analysis and Actual Heating and Cooling Loads 
The purpose of climatic analysis is to distinguish the actual heating and cooling loads from all energy 
consumption of the three case buildings. 
 
Fig.3.17 depicts the mean monthly electricity consumption per square-meter of subject households in 
the three buildings and the mean monthly air temperature of Hangzhou in 12 months of one year. By 
comparing Fig.3.17, Table 3.15 with Fig.2.8 and Fig.2.9, the method of climatic analysis described in 
part 2.3.2.2. is clearly proven and can be applied to distinguish the heating and cooling loads from all 
household energy consumption of existing residential buildings in Hangzhou. The results are shown in 
Table 3.16. 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.17. Mean Monthly Electricity Consumption Per Square-meter of Subject Households and Mean Monthly Air 
Temperature of Hangzhou in 12 Months of One Year 
 
Table 3.16. Classification of Actual Electricity Consumption of Case Buildings 
Type of electricity consumption Basic load Heating load Cooling load Total cooling and heating loads
kWh/(m2·a) 26.84 3.65 10.32 13.97 34.23% 
Building A 
kWh/a 42399.0 5765.6 16302.6 22068.2  
kWh/(m2·a) 22.70 5.71 6.69 12.4 35.33% 
Building B 
kWh/a 56112.8 14114.2 16550.5 30664.7  
kWh/(m2·a) 19.03 6.20 7.31 13.51 41.52% 
Building C 
kWh/a 167968.0 54696.0 64541.3 119237.3  
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3.3.2. Energy-saving Education and Lifestyle Improvement 
The purpose of energy-saving education is to improve the lifestyle of the occupants living in the three 
case buildings for energy conservation.  
 
The monthly electricity consumptions of the subject households were firstly monitored from March 
2007 to February 2008. Fig.3.16 shows that the electricity use in July 2007 is the highest for the hottest 
mean air temperature in the 12 months of a year. Ouyang et al. (2008a) had analyzed the change trend 
of the monthly electricity uses in the 12 months of a year of the residential buildings with the local 
weather of Hangzhou. So trying to reduce the electricity consumption in July 2008 by improving 
occupants’ behavior may be the most significant. The recording of the monthly electricity uses of the 
subject households continued until July 2008.  
 
Improving the lifestyle of occupants though energy-saving education embodied the improvement of the 
behavior in domestic life. Energy-saving education improved occupants’ behavior, then further affected 
household electricity consumption. The information of the subject households on how they 
implemented the energy-saving measures in their daily domestic life in July is summarized in Table 
3.17~3.19. 
 
Table 3.17. Results of Electricity Consumptions and Occupants’ Behavior in Building A 
Electricity Consumption 
(kWh/household/month) 
Behavior Mark 
Group No. 
Household 
No. 
Annual Electricity 
Consumption 
(kWh/household/a) July 2007 July 2008 
Increase 
Rate 
July 2007 July 2008
1 1317.1 237.1 198.5 -16.28% 30 16 
2 1572.1 338.5 280.3 -17.19% 66 50 
A1Y  
(Improved households) 
3 2456.1 549.1 471.9 -14.06% 85 69 
4 795.1 117.5 110.6 -5.87% 60 
5 906.4 212.6 193.6 -8.94% 70 
A1N 
(Reference households) 
6 2314.0 416.8 471.9 -9.17% 88 
7 1673.6 324.7 280.6 -13.58% 98 86 
8 1159.4 205.8 183.8 -10.69% 77 68 
A2Y 
(Improved households) 
9 3410.5 706.7 633.9 -10.30% 100 85 
10 460.5 44.4 59.3 33.56% 35 
11 2467.2 335.4 363.7 8.44% 74 
A2N 
(Reference households) 
12 3273.2 535.4 598.5 11.79% 79 
A3Y 13 4481.9  1085.7 941.3 -13.30% 102 87 
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14 1165.7  167.2 148.3 -11.30% 65 54 (Improved households) 
15 4169.2  838.8 705.9 -15.84% 95 83 
16 1078.5  227.3 314.0 13.23% 76 
17 1968.8  312.5 345.0 10.40% 89 
A3N 
(Reference households) 
18 4010.1  720.7 737.9 2.39% 97 
 
Table 3.18. Results of Electricity Consumptions and Occupants’ Behavior in Building B 
Electricity Consumption 
(kWh/household/month) 
Behavior Mark 
Group No. 
Household 
No. 
Annual Electricity 
Consumption 
(kWh/household/a) July 2007 July 2008 
Increase 
Rate 
July 2007 July 2008
1 3140.0  476.7  388.0  -18.61% 93 74 
2 3112.9  289.4  232.3  -19.73% 100 79 
3 4571.7  648.8  523.0  -19.39% 105 76 
4 4385.2  476.7  388.0  -18.61% 107 80 
5 2458.7  448.1  403.0  -10.06% 78 56 
6 1911.3  279.3  228.0  -18.37% 79 63 
B1Y 
(Improved households) 
7 7518.8  910.1  884.0  -2.87% 108 89 
8 3655.2  386.9  558.7  44.40% 94 
9 1474.8  253.0  268.1  5.97% 53 
B1N 
(Reference households) 
10 2366.9  364.2  390.1  7.11% 65 
11 3592.9  548.9  467.7  -14.79% 103 88 
12 5006.2  529.8  429.9  -18.86% 106 87 
13 3112.4  542.5  526.7  -2.91% 93 85 
14 3290.0  396.3  342.0  -13.70% 94 79 
B2Y  
(Improved households) 
15 2636.6  585.2  493.9  -15.60% 91 72 
16 1947.9  106.4  146.5  37.69% 52 
17 1703.3  253.4  281.2  10.97% 58 
18 2704.0  532.6  674.2  26.59% 73 
19 1522.2  188.7  229.4  21.57% 65 
B2N 
(Reference households) 
20 1872.9  421.6  457.3  8.47% 66 
 
Table 3.19. Results of Electricity Consumptions and Occupants’ Behavior in Building C 
Electricity Consumption
(kWh/household/month)
Behavior Mark 
Group No. 
Household 
No. 
Annual Electricity 
Consumption 
(kWh/household/a) July 2007 July 2008
Increase 
Rate 
July 2007 July 2008
1 3615.0  526.0  463.0 -11.98% 97 74 
2 1963.0  304.0  267.0 -12.17% 82 73 
3 5321.0  1145.0 960.0 -16.16% 102 80 
4 1791.0  364.0  294.0 -19.23% 77 63 
5 3808.0  589.0  500.0 -15.11% 97 73 
6 3937.0  486.0  390.0 -19.75% 98 75 
7 3021.0  393.0  350.0 -10.94% 94 72 
C1Y 
(Improved households) 
8 2170.0  474.0  381.0 -19.62% 74 56 
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9 3119.0  568.0  458.0 -19.37% 94 76  
10 3866.0  416.0  341.0 -18.03% 93 67 
11 4666.0  674.0  869.0 28.93% 92 
12 4712.0  438.0  690.0 57.53% 100 
C1N 
(Reference households) 
13 3666.0  647.0  724.0 11.90% 92 
14 1836.0  370.0  349.0 -5.68% 78 64 
15 4233.0  725.0  656.0 -9.52% 99 87 
16 1307.0  247.0  215.0 -12.96% 78 61 
17 2318.0  344.0  287.0 -16.57% 85 70 
18 4127.0  657.0  552.0 -15.98% 98 83 
19 3313.0  602.0  520.0 -13.62% 94 80 
20 2307.0  392.0  329.0 -16.07% 86 73 
C2Y 
(Improved households) 
21 5584.0  1023.0 874.0 -14.57% 101 82 
22 3495.0  436.0  436.0 0 96 
23 2005.0  305.0  365.0 19.67% 81 
C2N 
(Reference households) 
24 4480.0  631.0  657.0 4.12% 97 
25 4602.0  773.0  691.0 -10.61% 100 82 
26 1891.0  421.0  366.0 -13.06% 76 60 
27 1687.0  296.0  246.0 -16.89% 79 65 
28 2822.0  559.0  470.0 -15.92% 81 64 
29 1781.0  356.0  295.0 -17.13% 79 59 
30 1830.0  254.0  219.0 -13.78% 80 68 
C3Y 
(Improved households) 
31 3063.0  771.0  689.0 -10.64% 86 65 
32 5499.0  539.0  594.0 10.20% 105 C3N 
(Reference households) 33 3858.0  524.0  576.0 9.92% 95 
 
The comparison of the marks of the occupants’ behavior of “Improved households” in July 2007 and in 
July 2008, showed that “Improved households” indeed improved their behavior after energy-saving 
education. 
 
3.3.3. Variable Analysis and Energy-saving Measures by Improving Building Envelope 
The purpose of variable analysis is to ascertain which variables can be improved as feasible 
energy-saving measures by improving building envelope for energy-efficient renovation of the three 
case buildings. 
 
In the national and regional standards for residential energy savings, better design of building envelope 
is expected to decrease energy consumption for space heating and cooling by 30% and more effective 
equipment is expected to decrease that by 20%. In this research, 12 variables (Listed in Table 3.20) 
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belonging to the insulation of building envelope will be selected to examine their viability for 
successful renovation measures. Through variable analysis, several will be excluded later. The 
remaining variables will be improved to be feasible energy-saving renovation measures for each 
subject building. 
 
 
Building A: 
6 rational renovation energy-saving measures are suggested following further analysis of the variables 
and the thermal attributes of the measures, shown in Table 3.21. 
 
Table 3.21. Energy-saving Measures for Renovation Building A 
No. Measure 
1 Closing stairs by installing building doors and windows to separate the stairs from the outside air 
2 Substituting aluminum double windows for old ones 
3 Applying unfixable curtains or blinds to reduce exterior windows’ SC in summer 
4 Adding insulation material (40mm Extruded Polystyrene (XPS)) onto roof. 
5 Adding insulation material (15mm Extruded Polystyrene (XPS)) onto exterior walls 
6 Applying light colored paint to outside surfaces of the envelope to alter the absorption coefficient 
 
Table 3.22. Ratio of Exterior Windows/wall Area 
Orientation South North West East 
Ratio 0.41 0.21 0.24 0.21 
 
Table 3.20. List of Variables for Energy saving Measures for Renovation 
No. Variable 
Effect on energy 
consumption 
Feasibility in 
simulation 
Feasibility 
in practice
1 Shape coefficient/Closed or open stairs Medium High Medium 
2 The ratio of exterior windows/wall area High Low Low 
3 K of exterior windows High High Medium 
4 Shadow coefficient of exterior windows High High High 
5 Airproof degree of exterior windows High Low High 
6 K and D (i.e. thermal inertia index) of roof High High Medium 
7 K and D of exterior wall High High Medium 
8 K of partition wall Low High Medium 
9 K of exterior door Low High High 
10 K of floor board Low High Medium 
11 K of ground floor board Low High Medium 
12 Absorption coefficient of roof and exterior wall surface High High Medium 
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Measure 1: Installing two safety doors (the building’s doors, not families’ doors), on the first floor and 
twelve windows on the remaining six floors, thereby separating the stairs from the outside air, changes 
in the shape coefficient of the building to 0.37. The ratio of exterior windows/wall area, illustrated in 
Table 3.22, will also change. The K and D of the exterior walls changes to 2.207 W/(m2·k) and 3.506 
respectively. The new K of the exterior doors will be 6.5 W/(m2·k) because the stairs’ two safety doors 
are steel; 
 
Measure 2: Substituting aluminum double windows for old ones. The K and SC of the exterior windows 
change to 3.90 W/(m2·k) and 0.80; 
 
Measure 3: Applying unfixable fabric, timber curtains or aluminum blinds reduces the SC of the 
exterior windows to 0.30 in summer; 
 
Measure 4: Adding insulation material (40mm XPS) to the roof changes the roof’s K and D to 0.672 
W/(m2·k) and 2.376; 
 
Measure 5: Adding insulation material (15mm XPS) to the exterior walls will change the K and D to 
1.104 W/(m2·k) and 3.557; 
 
Measure 6: Applying light colored paint to the surface of the exterior walls and roof changes the 
absorption coefficient of the outside surface to 0.4. 
 
Building B: 
Table 3.23. Energy-saving Measures for Renovation Building B 
No. Measure 
1 Closing stairs by installing building doors and windows to separate the stairs from the outside air 
2 Substituting plastic double windows for old ones 
3 Applying unfixable curtains or blinds to reduce exterior windows’ SC in summer 
4 Adding insulation material (40mm Extruded Polystyrene (XPS)) onto roof. 
5 Adding insulation material (10mm Extruded Polystyrene (XPS)) onto exterior walls 
6 Applying light colored paint to outside surfaces of the envelope to alter the absorption coefficient 
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Table 3.24. Ratio of Exterior Windows/wall Area 
Orientation South North West East 
Ratio 0.35 0.29 0.18 0.18 
 
6 rational renovation energy-saving measures are suggested following further analysis of the variables 
and the thermal attributes of the measures, shown in Table 3.23. 
 
Measure 1: Installing two safety doors (the building’s doors, not families’ doors), on the first floor and 
twelve windows on the remaining four floors, thereby separating the stairs from the outside air, 
changes in the shape coefficient of the building to 0.32. The ratio of exterior windows/wall area, 
illustrated in Table 3.24, will also change. The K and D of the exterior walls changes to 2.405 W/(m2·k) 
and 3.191 respectively. The new K of the exterior doors will be 6.5 W/(m2·k) because the stairs’ two 
safety doors are steel; 
 
Measure 2: Substituting plastic double windows for old ones. The K and SC of the exterior windows 
change to 2.85 W/(m2·k) and 0.70; 
 
Measure 3: Applying unfixable fabric, timber curtains or aluminum blinds reduces the SC of the 
exterior windows to 0.30 in summer; 
 
Measure 4: Adding insulation material (40mm XPS) to the roof changes the roof’s K and D to 0.672 
W/(m2·k) and 2.376; 
 
Measure 5: Adding insulation material (10mm XPS) to the exterior walls will change the K and D to 
1.296 W/(m2·k) and 3.236; 
 
Measure 6: Applying light colored paint to the surface of the exterior walls and roof changes the 
absorption coefficient of the outside surface to 0.4. 
 
Building C: 
5 rational renovation energy-saving measures are suggested following further analysis of the variables 
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and the thermal attributes of the measures, shown in Table 3.25. 
 
Measure 1: Substituting aluminum double windows for old ones. The K and SC of the exterior 
windows change to 3.90 W/(m2·k) and 0.80; 
 
Measure 2: Applying unfixable fabric, timber curtains or aluminum blinds reduces the SC of the 
exterior windows to 0.30 in summer; 
 
Measure 3: Adding insulation material (40mm XPS) to the roof changes the roof’s K and D to 0.596 
W/(m2·k) and 2.621; 
 
Measure 4: Adding insulation material (10mm XPS) to the exterior walls will change the K and D to 
1.366 W/(m2·k) and 3.370; 
 
Measure 5: Applying light colored paint to the surface of the exterior walls and roof changes the 
absorption coefficient of the outside surface to 0.4. 
 
Table 3.25. Energy-saving Measures for Renovation Building C 
No. Measure 
0 No change and used as a benchmark 
1 Substituting aluminum double windows for old ones 
2 Applying unfixable curtains or blinds to reduce exterior windows’ SC in summer 
3 Adding insulation material (40mm Extruded Polystyrene (XPS)) onto roof. 
4 Adding insulation material (10mm Extruded Polystyrene (XPS)) onto exterior walls 
5 Applying light colored paint to outside surfaces of the envelope to alter the absorption coefficient 
 
3.3.4. Variable Analysis and Energy-saving Measures by Improving Outdoor Environment 
The purpose of variable analysis is to ascertain which variables can be improved as feasible 
energy-saving measures by improving outdoor environment for energy-efficient renovation of the three 
case buildings. 
 
Although many variables belonging to the field of outdoor environment affect building energy 
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consumption, most of them cannot be changed optionally, or can at great expense. Therefore, according 
to the current condition of the outdoor environment around the three case buildings, two energy-saving 
measures are presented and the relevant changes in land use around the three case buildings are shown 
in Table 3.26.  
 
Measure (1): Grass will be planted on the roads now paved by asphalt and concrete;  
Measure (2): Grass will be planted on the roof now paved by concrete, besides measure (a).  
 
Table 3.26. Data of Land Use of Two Energy-saving Measures of Three Case Buildings 
Case Building Land attribute Building Water Road Green Total 
Measure (0) 37.74% 0 39.38% 22.88% 100% 
Measure (1) 37.74% 0 0 62.26% 100% 
Building A 
Measure (2) 0 0 0 100% 100% 
Measure (0) 31.21% 2.15% 31.72% 34.92% 100% 
Measure (1) 31.21% 2.15% 2.81% 63.83% 100% 
Building B 
Measure (2) 3.12% 2.15% 2.81% 91.92% 100% 
Measure (0) 18.28% 1.97% 19.63% 60.12% 100% 
Measure (1) 18.28% 1.97% 0% 79.75% 100% 
Building C 
Measure (2) 0 1.97% 0 98.03% 100% 
 
3.4. STEP 3, LIFESTYLE ANALYSIS AND ENERGY-SAVING EFFECTS, SIMULATION 
AND ENERGY-SAVING EFFECTS 
3.4.1. Lifestyle Analysis and Energy-saving Effects 
The purpose of lifestyle analysis is to make clear the relationship between household electricity 
consumption and the variables of household lifestyle and evaluate the energy-saving by improving 
occupants’ lifestyle through energy-saving education for energy-efficient renovation of the three case 
buildings. 
 
In order to make clear the relationship between household electricity consumption and the variables of 
household lifestyle, correlation analysis is conducted by using software SPSS13.0.  
 
The results (Shown in Table 3.27) indicate that in theory the households with fewer members, floor 
area and electric appliances, and less behavior marks will consume less electricity in the same period 
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on the whole. However, it is still very difficult to predict the electricity consumption of some certain 
household because of the multi-effects of many variables on it. On the other hand, the results also 
prove the conclusion by Anker-Nilssen (2003) that electricity consumption is not so closely related to 
the resident’s consciousness about energy savings and environmental problems as many people think 
of. 
 
Table 3.27. Correlation Analysis of Household Electricity Consumption and Variables of Household Lifestyle 
 
Number of 
House Member 
Floor 
Area 
Number of Primary
Electric Appliances
Consciousness
Mark 
Behavior Mark 
In July 2007 
Behavior Mark
In July 2008 
Annual Electricity 
Consumption 
0.506** 0.398** 0.584** -0.137 0.790** 0.683** 
Electricity Consumption: 
July 2007 
0.364** 0.293* 0.423** -0.073 0.677** 0.525** 
Electricity Consumption: 
July 2008 
0.402** 0.226 0.423** -0.089 0.635** 0.643** 
**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.01 level (2-tailed). 
 
The electricity consumptions from March 2007 to February 2008, in July 2007 and in July 2008 of the 
subject households of the three buildings are summarized in Table 3.17~3.19. The operation of most 
types of domestic electric appliances relies upon electricity consumption and this results in substantial 
carbon dioxide emissions per household. Per household per annum consumes 2149 kWh in Building A, 
3099 kWh in Building B and 3263 kWh in Building C, corresponding emits 2.04 t, 2.94 t and 3.10 t 
CO2. 
 
The big differences in the monthly electricity consumptions among the 12 months of a year (see 
Fig.3.16) reveals that the local weather is one of the most important factors on residential electricity 
consumption. The big differences in the annual electricity consumptions among all residual subject 
households, even with the same floor areas (shown in Table 3.17~3.19), reveal that household lifestyle, 
especially occupants’ behavior, is another one of the most determined factors on household electricity 
consumption. 
 
The comparison of the electricity consumptions of “Improved households” in July 2007 and those in 
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July 2008 presents that improving occupants’ behavior can reduce residential electricity consumption. 
Table 3.17~3.19 show that the reduction ranges of the electricity consumption s of more than 90% of 
“Improved household(s)” in July 2008 are above 10% with comparison to those in July 2007. If not 
considering the impact of the changes of other variables in the survey period, the energy-saving 
potential by improving occupants’ behavior is 14.08% on the average. 
 
However, with the increment of the disposable income (see in Fig.2.5), many households will buy more 
electric appliances and thereby consume more electricity to improve their living standard and the 
comfort life. Table 3.8 clearly shows the numbers of most of the primary electric appliances increased 
in the subject households in the survey period. If there was no energy-saving education to “Improved 
households”, the electricity consumptions of them in July 2008 should be more than those in July 2007, 
so did as “Reference households”. The comparison of the electricity consumptions of “Reference 
households” in July 2007 and those in July 2008 proves this assumption, also implies that the 
residential electricity consumption of the city will increase continually in next years. Most of 
“Reference households” consumed more electricity consumption in July 2008 than in July 2007 (see 
Table 3.17~3.19), only the three households (No. 4~6) of A1N group show different, and the owners of 
the three households confessed that they had copied the energy-saving measures from their neighbors 
belonging to “Improved households”. If taking other variables of household lifestyle into account and 
setting the differences of the electricity consumptions of “Reference households” in July 2007 and in 
July 2008 as a reference, we can conclude that the energy-saving potential by improving occupants’ 
behavior is 25.58% on the average. Energy-saving education not only can improve occupants’ 
consciousness and behavior, but also can help to suppressing their wish to improve life quality or 
decelerating the improvement speed to some extent. One of the detailed examples is that some 
households delayed the plan of buying more electric appliances after the energy-saving education. 
 
Nevertheless, the 0.8℃ difference of the mean air temperature (See Table 3.28) between July 2007 and 
July 2008 (Hangzhou Statistics Bureau, 2009 and Hangzhou Agricultural Bureau, 2009) implies that 
the above conclusion is a little optimistic. The electricity consumptions (mainly for space cooling) of 
the households in July 2008 should be a little lower than that in July 2007, if all other variables on 
electricity consumption kept changeless. The analogical difference (0.8℃) happened in July 2003 and 
 97
in July 2004, together with the corresponding data of the electricity consumptions per household in the 
two years (shown in Fig.2.5), provides a good reference to estimate the impact of the 0.8℃ difference 
on the household electricity consumption. Finally, the energy-saving potentials by improving 
occupants’ behavior of the 3 case buildings in the study are refined to 13.36%, 13.14% and 14.18%, 
respectively, on the average. 
 
 
 
 
 
 
 
 
 
 
 
In the survey period, the occupants belonging to “Improved households” might try to deliberately 
behave well according to the energy-saving measures. Perhaps, after a long time of this survey, the 
occupants would reconvert to the original living habit of using the electric appliances, and the 
energy-saving effect would fade out gradually. Accordingly, with the results of this study, we should 
encourage all occupants to form a good habit of saving energy in everyday domestic life, and the 
energy-saving potential of more than 10% can be easily obtained with a high confidence. After all, 
Eastern Asian (such as Chinese and Japanese) is famous for its diligence and thrift. 
 
3.4.2. Thermal Simulation and Simulative Energy-saving Effects 
The purpose of thermal simulation is to evaluate the simulative energy-saving effects of the measures 
by improving building envelope for energy-efficient renovation of the three case buildings. 
 
The energy consumptions for heating and cooling loads of the energy-saving measures are calculated 
using the evaluation program DOE2, the results of the three buildings are shown in Table 3.29~3.31. 
Table 3.28. Monthly Mean Air Temperature of Hangzhou in 2003, 2004, 2007 and 2008 
Time (Year and Month) 2003  2004 2007  2008 
January 4.3 4.7 5.3 3.7 
February 7.6 9.5 10.5 3.9 
March 10.7 10.4 12.7 12.7 
April 16.4 17.5 16.5 17.1 
May 21.1 22.1 23.8 23.2 
June 25.0 24.8 25.4 24.6 
July 31.0 30.2 30.9 30.1 
August 29.4 29.1 30.2 28.4 
September 26.1 23.3 24.6 25.8 
October 18.5 18.6 19.8 20.4 
November 13.0 14.5 12.9 12.9 
December 6.4 8.4 8.7 7.6 
 98
 
Table 3.29. Simulative Energy-saving Effects of Measures by Improving Building Envelope of Building A 
Heating load Cooling load Total 
Measure No. 
kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) 
In simulation 108,572 68.76 48,800 30.90 157,371 99.66 
1 
Ratio (Ri) -1.03% 2.25% -0.02% 
In simulation 99,701 63.14 51,098 32.36 150,799 95.50 
2 
Ratio (Ri) -9.11% 7.12% -4.19% 
In simulation 109,697 69.47 36,302 22.99 145,999 92.46 
3 
Ratio (Ri) 0.00% -23.90% -7.24% 
In simulation 87,606 55.48 43,803 27.74 131,409 83.22 
4 
Ratio (Ri) -20.14% -8.18% -16.51% 
In simulation 93,496 59.21 42,998 27.23 136,493 86.44 
5 
Ratio (Ri) -14.77% -9.86% -13.28% 
In simulation 113,297 71.75 41,797 26.47 155,100 98.23 
6 
Ratio (Ri) 3.28% -12.38% -1.45% 
 
Table 3.30. Simulative Energy-saving Effects of Measures by Improving Building Envelope of Building B 
Heating load Cooling load Total 
Measure No. 
kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) 
In simulation 152,522 61.34 63,409 25.50 215,932 86.85 
1 
Ratio (Ri) -4.93% -2.87% -4.34% 
In simulation 134,851 54.24 61,613 24.78 196,411 78.99 
2 
Ratio (Ri) -15.94% -5.62% -12.99% 
In simulation 160,426 64.52 50,271 20.22 210,697 84.74 
3 
Ratio (Ri) 0.00% -22.99% -6.66% 
In simulation 135,498 54.50 60,906 24.50 196,429 79.00 
4 
Ratio (Ri) -15.54% -6.70% -12.98% 
In simulation 136,904 55.06 60,195 24.21 197,125 79.28 
5 
Ratio (Ri) -14.66% -7.79% -12.67% 
In simulation 164,102 66.6 57,080 22.96 221,236 88.98 
6 
Ratio (Ri) 2.29% -12.56% -1.99% 
 
Table 3.31. Simulative Energy-saving Effects of Measures by Improving Building Envelope of Building C 
Heating load Cooling load Total 
Measure No. 
kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) 
In simulation 448,426 44.83 372,734 37.26 821,160 82.09 
1 
Ratio (Ri) -11.17% -10.37% -10.81% 
In simulation 504,891 50.47 302,693 30.26 807,584  80.73 
2 
Ratio (Ri) 0.00% -27.21% -12.29% 
In simulation 460,866  46.07  400,344 40.02  861,210  86.09  
3 
Ratio (Ri) -8.72% -3.73% -6.46% 
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In simulation 446,461  44.63 378,636 37.85 825,097  82.48 
4 
Ratio (Ri) -11.57% -8.95% -10.39% 
In simulation 511,876  51.17 393,520 39.34 905,396  90.51 
5 
Ratio (Ri) 1.39% -5.36% -1.66% 
 
3.4.3. CFD Simulation and Simulative Energy-saving Effects 
The purpose of CFD analysis is to evaluate the simulative energy-saving effects of the measures by 
improving outdoor environment for energy-efficient renovation of the three case buildings. 
 
CFD Simulation is started in typical summer day. In order to determine the effect of natural convection 
due to the difference of surface temperature, a nearly no wind conditions have been assumed to run a 
simulation on the computer. In the no wind condition, general wind speed at 30m heights is assumed to 
be about 0.5m/s. 
 
Table 3.32. Relative Differences of Mean Air Temperature of Measures (from 9 to 17 o’clock) 
Case Building Measure Air temperature (℃) Difference (℃) 
Measure (0) 33.74 / 
Measure (1) 33.42 0.32 Building A 
Measure (2) 33.12 0.61 
Measure (0) 32.86 / 
Measure (1) 32.67 0.19 Building B 
Measure (2) 32.40 0.45 
Measure (0) 33.09 / 
Measure (1) 32.95 0.15 Building C 
Measure (2) 32.80 0.29 
 
Because the total areas of Gudang neighborhood and Dongxiyuan neighborhood are very large, only 
the area of 200m×200m around Building A and Building C are defined as the surrounding outdoor 
environment of the two subject buildings. And the scale of the surrounding outdoor environment of the 
Building B is a little more than 200m×200m. To apply directly Urban Thermal Environment Program 
to evaluate the outdoor temperature reduction effect of the energy-saving measures by increasing green 
area is impossible, then the study applies the program indirectly to accomplish the mission. First, other 
99 identical districts with the same land use always as subject buildings are assumed be adjacent to the 
area around the subject buildings and one by one, and constitute a area of 2000m×2000m; Secondly, 
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the area of 2000m×2000m is divided into 100 meshes of 200m×200m, certainly the land uses of the 
100 meshes are always identical; Finally, Urban Thermal Environment Program is applied to the 
relative differences of the mean air temperature of the measures are shown Table 3.32. 
 
3.5. STEP 4, REVISION PROCESS AND ACTUAL ENERGY-SAVING EFFECTS 
The purpose of revision process is to modify the simulative energy-saving effects of the measures by 
improving building envelope and outdoor environment to be more accurate. 
 
Table 3.33. Actual Energy-saving effects after Revision of Renovation Measures of Building A 
Heating load Cooling load Total 
Measure No. 
kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) 
After Revision 5,706  3.61  16,669 10.55 22,376 14.16  
1 
Ratio (Ri) -1.03% 2.25% 1.39% 
After Revision 5,240 3.32 17,463 11.05 22,704 14.37  
2 
Ratio (Ri) -9.11% 7.12% 2.88% 
After Revision 5,766 3.65 12,406 7.85 18,172 11.50  
3 
Ratio (Ri) 0.00% -23.90% -17.65% 
After Revision 4,604 2.91 14,969 9.48 19,573 12.39  
4 
Ratio (Ri) -20.14% -8.18% -11.30% 
After Revision 4,914 3.11 14,695 9.30 19,609 12.41  
5 
Ratio (Ri) -14.77% -9.86% -11.14% 
After Revision 5,955 3.77 14,284 9.04 20,239 12.81  
6 
Ratio (Ri) 3.28% -12.38% -8.29% 
 
Table 3.34. Actual Energy-saving effects after Revision of Renovation Measures of Building B 
Heating load Cooling load Total 
Measure No. 
kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) 
After Revision 13,418 5.43 16,076 6.50 29,494 11.93 
1 
Ratio (Ri) -4.93% -2.87% -3.82% 
After Revision 11,864 4.80 15,620 6.31 27,485 11.11  
2 
Ratio (Ri) -15.94% -5.62% -10.37% 
After Revision 14,527 5.84 12,746 5.15 27,273 10.99  
3 
Ratio (Ri) 0.00% -22.99% -11.06% 
After Revision 11,921 4.82 15,442 6.24 27,362 11.06  
4 
Ratio (Ri) -15.54% -6.70% -10.77% 
After Revision 12,045 4.87 15,261 6.17 27,306 11.04  
5 
Ratio (Ri) -14.66% -7.79% -10.95% 
After Revision 14,437 5.84 14,472 5.85 28,909 11.69  
6 
Ratio (Ri) 2.29% -12.56% -5.72% 
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Because the actual heating and cooling loads of the subject buildings are far less than those in thermal 
simulation, so the absolute values of energy-saving effects of the renovation measures should be 
reevaluated. The more accurate values of the energy-saving effects of the measures by improving 
building envelope after revision are calculated and shown in Table 3.33~3.35. 
 
In Table 3.33, Measure 1 for Building A will be excluded for its negative energy-saving effect. By 
contraries, Measure 2 will not be excluded although its actual energy-saving effect is also negative, 
which will be explained in the later chapter. 
 
Table 3.35. Actual Energy-saving effects after Revision of Renovation Measures of Building C 
Heating load Cooling load Total 
Measure No. 
kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) 
After Revision 48,586 5.51 57,848 6.55 106,435 12.06  
1 
Ratio (Ri) -11.17% -10.37% -10.74% 
After Revision 54,696 6.20 46,979 5.32 101,675 11.52  
2 
Ratio (Ri) 0.00% -27.21% -14.72% 
After Revision 49,927 5.66 62,134 7.04 112,060 12.70  
3 
Ratio (Ri) -8.72% -3.73% -6.02% 
After Revision 48,368 5.48 58,765 6.66 107,132 12.14  
4 
Ratio (Ri) -11.57% -8.95% -10.15% 
After Revision 55,456 6.29 61,082 6.92 116,538 13.20  
5 
Ratio (Ri) 1.39% -5.36% -2.26% 
 
3.6. STEP 5, LCCO2 ANALYSIS AND CO2 EMISSION REDUCTION EFFECTS 
The purpose of integration process is to evaluate the effect on CO2 emission reduction of energy-saving 
measures or plans for energy-efficient renovation of the three case buildings. 
 
Through the simple LCCO2 method, the CO2 emission reduction effects of energy-saving measures by 
improving building envelope are calculated and shown in Table 3.36~3.38. 
 
Theoretically, Measure 2 for Building A in Table 3.36 and Measure 2 for Building B in Table 3.37 
should be excluded for their negative CO2 emission reduction effect. But the two measures will be kept 
and seen as very valid measures for the two buildings respectively, the reason will be explained in the 
later chapter. 
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Table 3.36. Final CO2 Emission Reductions of Energy-saving Measures in Next 20 Years of Building A 
Measure No. 
Initial embodied 
CO2 emission [kg] 
Reduction of CO2
emission [kg/a] 
Duration
year [a]
Renovation
 times 
Final reduction of  
CO2 emission [kg] 
1 Had been excluded 
2 15,948  -604  20  1 -28,022 
3 85~8623 3701 10/20 2/1 65,399~73,851 
4 12,948 2370 20 1 34,452 
5 14,769 2336 20 1 31,952 
6 1205 1738 10 2 32,343  
 
Table 3.37. Final CO2 Emission Reductions of Energy-saving Measures in Next 40 Years of Building B 
Measure No. 
Initial embodied 
CO2 emission [kg] 
Reduction of CO2
emission [kg/a] 
Duration
year [a]
Renovation
 times 
Final reduction of  
CO2 emission [kg] 
1 4640 1112  20 2 35,212 
2 68,160 3021 20 2 -15,482 
3 92~9,339 3223 10/20 4/2 128,536~110,224 
4 15,116 3137 40 1 110,369 
5 14,698 3191 20 2 98,224 
6 1,463 1668 10 4 60,858 
 
Table 3.38. Final CO2 Emission Reductions of Energy-saving Measures in Next 40 Years of Building C 
Measure No. 
Initial embodied 
CO2 emission [kg] 
Reduction of CO2
emission [kg/yr]
Duration
year [yr]
Renovation
 times 
Final reduction of  
CO2 emission [kg] 
1 75,460 12,162 20 2 335,573 
2 400~40,800 16,684 10/20 4/2 585,741~665,741 
3 33,843 6818 40 1 238,878 
4 42,741 11,500 20 2 378,197 
5 3497 2564 10 4 88,577 
 
3.7. STEP 6, INTEGRATION AND TECHNICALLY SUITABLE RENOVATION PLAN 
The purpose of integration is to integrate all feasible and effective energy-saving measures in technical 
fields into a technically suitable energy-efficient renovation plan, which is sole for each case building. 
 
After the unfeasible and/or useless energy-saving measures had been excluded, the residual ones are 
considered as feasible and effective energy-saving measures and should be integrated into a suitable 
plan.  
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Building A: 
The following is a description of the technically suitable energy-efficient renovation plan for Building 
A. The suitable plan is the blend of the residual measures (Measure 2~6 in Table 3.21). 
(1) The shape coefficient is 0.43.  
(2) The ratio of exterior windows/wall area and the K and SC of exterior windows are shown in Table 
3.39. 
 
Table 3.39. Thermal Attributes of Exterior Windows 
Orientation South North West East 
Ratio 0.41 0.16 0.20 0.17 
K  3.90 [W/(m2·k)] 
SC 0.80 in winter 0.30 in summer 
 
(3) The K and D of the roof are 0.672 W/(m2·k) and 2.376 respectively. 
(4) The mean K and D of the exterior wall are 1.104 W/(m2·k) and 3.557. 
(5) The absorption coefficients of the roof and exterior walls’ are 0.40, 0.40. 
 
Building B: 
The following is a description of the technically suitable energy-efficient renovation plan for Building 
B. The suitable plan is the blend of the residual measures (Measure1~6 in Table 3.22). 
 
(1) The shape coefficient is 0.32.  
(2) The ratio of exterior windows/wall area and the K and SC of exterior windows are shown in Table 
3.40. 
 
Table 3.40. Thermal Attributes of Exterior Windows 
Orientation South North West East 
Ratio 0.35 0.29 0.18 0.18 
K  2.85 [W/(m2·k)] 
SC 0.70 in winter 0.30 in summer 
 
(3) The K and D of the roof are 0.672 W/(m2·k) and 2.376 respectively. 
(4) The mean K and D of the exterior wall are 1.310 W/(m2·k) and 3.176. 
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(5) The absorption coefficients of the roof and exterior walls’ are 0.40, 0.40. 
 
Building C: 
The following is a description of the technically suitable energy-efficient renovation plan for Building 
C. Measure 1~5 in Table 3.23 had been proven feasible and effective energy-saving measures, hence, 
are integrated in to the suitable plan. 
 
(1) The shape coefficient is 0.24.  
(2) The ratio of exterior windows/wall area and the K and SC of exterior windows are shown in Table 
3.41. 
 
Table 3.41. Thermal Attributes of Exterior Windows 
Orientation South North West East 
Ratio 0.48 0.52 0.17 0.17 
K  3.90 [W/(m2·k)] 
SC 0.80 in winter 0.30 in summer 
 
(3) The K and D of the roof are 0.596 W/(m2·k) and 2.621 respectively. 
(4) The mean K and D of the exterior wall are 1.366 W/(m2·k) and 3.370. 
(5) The absorption coefficients of the roof and exterior walls’ are 0.40, 0.40. 
 
3.8. STEP 7, EFFECTS ON ENERGY CONSUMPTION, CO2 EMISSION AND COST 
REDUCTION OF TECHNICALLY SUITABLE RENOVATION PLAN 
The purpose of this step is to comprehensively evaluate the effect of the technically suitable 
energy-efficient renovation plan. Beside the effects on energy conservation and CO2 emission reduction, 
the effect on cost reduction of it should also be evaluated. The purpose of LCC analysis is to evaluate 
the cost reduction of energy-saving measures or plan for energy-efficient renovation of the three case 
buildings.  
 
To the technically suitable plans of the three case buildings, the methods of thermal simulation and 
revision process were conducted to evaluate the energy-saving effects, more accurate energy-saving 
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effects of the suitable plans, LCCO2 analysis for CO2 emission reduction effects and LCC analysis for 
cost reduction effects. The residual life cycles of the three case buildings after this energy-efficient 
renovation are supposed to be 20, 40, 40 years. The results are shown Table 3.42~3.44. 
 
Table 3.42. Reduction Potential of Suitable Plan in Next 20 years of Building A 
Energy conservation Final reduction of CO2 emission Final reduction of cost  
kWh kWh/(m2·a) kg kg/(m2·a) ￥ ￥/(m2·a) 
203,960 6.46 141,479~149,933 4.48~4.75 -265,768~-355,018 -8.42~-11.24
 
Table 3.43. Reduction Potential of Suitable Plan in Next 40 years of Building B 
Energy conservation Final reduction of CO2 emission Final reduction of cost 
kWh kWh/(m2·a) kg kg/(m2·a) ￥ ￥/(m2·a) 
573,440 5.77 335,980~354,292 3.38~3.56 -552,446~-744,722 -5.55~-7.49 
 
Table 3.44. Reduction Potential of Suitable Plan in Next 40 years of Building C 
Energy conservation  Final reduction of CO2 emission Final reduction of cost 
kWh kWh/(m2·a) kg kg/(m2·a) ￥ ￥/(m2·a) 
1,898,720 4.75 1,455,647~1,535,647 3.64~3.84 -1,535,173~-2,375,173 -3.84~-5.94
 
3.9. STEP 8, INTEGRATION OF IMPROVING LIFESTYLE AND TECHNICAL PLAN, 
BENEFIT FROM AND BARRIER IN ECONOMY TO IMPLEMENTATION OF 
ENERGY-EFFICIENT RENOVATION OF SUBJECT BUILDING 
The purpose of integration of improving occupants’ lifestyle and the technically suitable plan is to 
maximize the effect of energy-efficient renovation of the three case buildings. 
 
If energy-saving education and relevant energy-saving tips in domestic life is not often and regularly 
provided for occupants, energy conservation will be unimpressive for occupants and their activities in 
domestic life will be conducted at their will and not friend for energy conservation, finally the 
energy-saving effect by improving occupants’ lifestyle through the initial energy-saving education will 
fade with time. Based on the results in Table 3.17~3.19, the effect on saving annual electricity 
consumption by improving occupants’ behavior is assumed 10% of all electricity consumption of the 
three case buildings. Although the actual energy-saving effect of the technical measures on reducing 
heating and cooling loads will also be decreased by 10%, the total effects on energy conservation, CO2 
emission and cost reduction will increase by integrating the technically suitable energy-saving 
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renovation plan and improving occupants’ lifestyle, the results of the three buildings are shown in Table 
3.45~3.47. 
 
Table 3.45. Reduction Potential of Improving Lifestyle and Suitable Plan in Next 20 years of Building A 
Energy conservation Final reduction of CO2 emission Final reduction of cost 
kWh kWh/(m2·a) kg kg/(m2·a) ￥ ￥/(m2·a) 
268,353 8.50 202,661~211,115 6.42~6.68 -231,635~-320,885 -7.33~-10.16 
 
Table 3.46. Reduction Potential of Improving Lifestyle and Suitable Plan in Next 40 years of Building B 
Energy conservation Final reduction of CO2 emission Final reduction of cost 
kWh kWh/(m2·a) kg kg/(m2·a) ￥ ￥/(m2·a) 
740,535 7.45 494,733~513,045 4.97~5.16 -463,879~-656,155 -4.66~-6.60 
 
Table 3.47. Reduction Potential of Improving Lifestyle and Suitable Plan in Next 40 years of Building C 
Energy conservation Final reduction of CO2 emission Final reduction of cost 
kWh kWh/(m2·a) kg kg/(m2·a) ￥ ￥/(m2·a) 
2,380,724 5.95 1,913,542 ~1,993,542 4.78~4.98 -1,279,716~-2,119,716 -3.20~-5.30 
 
The benefit in energy conservation and CO2 emission reduction from implementation of 
energy-efficient renovation of the three buildings is very encouraging. But the great gap between initial 
investment and long-term economic benefit will be the barrier and discourage investors or ultimate 
decision makers to implement energy-efficient renovation for three buildings. 
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CHAPTER 4: 
DISCUSSION AND SUMMARY 
 
Following the evaluation system, for the three case buildings, the last chapter provides the suitable 
energy-efficient renovation plans and comprehensive evaluation of their effects. This proves the 
evaluation system is very valuable in the design of energy-efficient renovation plan(s) for existing 
residential buildings. The conclusions about the case studies in the chapter will be summarized in final 
chapter avoiding repeat. The successive chapter will analyze deeply the value of the evaluation system, 
discussed extensively the future development of it, revalue the important findings by comparison 
analysis in the case studies, and try to advance corresponding advice for negative benefits in economy 
of implementation of energy-efficient renovation. 
 
4.1. DISCUSSION OF VALUE OF EVALUATION SYSTEM 
4.1.1. Value of Integration of Improving Outdoor Environment into Evaluation System 
It is the first time to integrate improving outdoor environment into the evaluation system to bring out 
energy-saving measures for energy-efficient renovation of existing residential buildings. Improving 
outdoor environment around buildings can improve urban environment and attain great benefits in 
reducing energy consumption, environmental loads, etc., and it should not be isolated from building 
energy efficiency. 
 
(1) From a small-scale viewpoint, improving outdoor environment can produce a good cycle between 
outdoor environment and building. Improving outdoor environment will improve the microclimate 
around the buildings; further reduce building energy consumption, then less artificial heat release will 
in turn improve the microclimate around buildings. More occupants will spend more time enjoying 
outdoor life in good natural environment, and less in artificial indoor life by consuming energy. 
 
(2) From a large-scale viewpoint, improving outdoor environment can produce a good cycle among 
local urban climate, outdoor environment and building (Shown in Fig.4.1). It benefits very to mitigate 
urban heat island. Improving outdoor environment around buildings means improving surrounding 
microclimate of buildings, and will lead to building energy conservation to some degree. Energy 
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conservation will lead to less artificial heat release from buildings. Less artificial heat release helps to 
reduce local outdoor air temperature reduction. If the microclimates around all residential buildings in a 
larger scale for example a whole city are improved, the local outdoor air temperature especially in 
extremely hot summer of all city will reduce, which means the mitigation of urban heat island. Finally 
in turn the microclimate everywhere in whole city will be improved. 
 
 
 
 
 
Fig.4.1. Correlation among Macroclimate, Microclimate and Building Energy Conservation 
 
In the case studies, the two measures of increasing green area for improving outdoor environment 
around the three case buildings can really reduce the outdoor air temperature. If integration of the 
energy conservation and thereby less artificial heating release, the magnitude of outdoor air 
temperature reduction will become larger further. Dimoudi et al. (2003) had indicated the effects of 
vegetation on macro- and microclimate, and energy conservation. Of particular interest is the effect of 
vegetation on microclimate: thermal effects, as well as the effect of vegetation on solar and daylight 
access. These affect the microclimate of the existing open spaces as well as the energy use of the 
surrounding buildings for heating, cooling and lighting, through shading, evapotranspiration, etc. 
Vegetation mitigates the heat island not by cooling the air, but by warming the air less. Vegetation 
reduces the air temperature by direct shading of surfaces as well as by moderating solar heating gain 
through evapotranspiration of plants, and conversion of incident solar radiation to latent heat. 
Furthermore, the resulting lower temperature leads to reduce long-wave radiation emitted from ground 
and leaves, as opposed to the surrounding artificial hard surfaces, thus subjecting people to a reduced 
radiant load. 
 
4.1.2. Value of Integration of Improving Occupants’ Lifestyle into Evaluation System 
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It is the first time to integrate improving occupants’ lifestyle into evaluation system for energy-efficient 
renovation. Improving occupants’ lifestyle can improve public energy-saving consciousness and attain 
great benefits, and it is very indispensable for energy-efficient renovation. 
 
(1) Improving occupants’ lifestyle can reduce energy consumption not only for space heating and 
cooling, but also for other purpose in domestic life, such as lighting, entertainment, cooking, etc. 
 
(2) Improving occupants’ lifestyle can reduce rebound effect and maximize the energy-saving effects 
by technical measures. 
 
(3) Improving occupants’ lifestyle can slow the increase of energy consumption due to more disposable 
income with economic development. 
 
(4) Improving occupants’ lifestyle can attain great energy conservation and CO2 emission reduction, 
but with little cost, and those effects can be actualized quickly.  
 
Wei et al. (2007) revealed that approximately 26 percent of total energy consumption and 30 percent of 
CO2 emission every year are a consequence of residents’ lifestyles in China. Meanwhile, they also 
suggested that one of the most efficient measures for energy conservation is the change of lifestyles. 
 
4.1.3. Value of Integration of LCA into Evaluation System 
In the field of China building energy-efficient renovation study, it is the first time integration of LCA 
into evaluation system to more comprehensively evaluate the energy-saving measures and plans for 
energy-efficient renovation.  
 
(1) From LCA viewpoints, not only the operational stage, but also other stages of buildings are taken 
into account; 
 
(2) From LCA viewpoints, not only energy-saving effect, but also environmental and economic effects 
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are taken into account; 
 
It is to say that without the LCA method the best solution cannot be distinguished from the seemly 
suitable plans. For example, LCA can determine the most suitable type of exterior windows from the 
alternatives for integration of the suitable energy-efficient renovation plan for certain existing building. 
 
Exterior window, as an important part of building envelope, has many functions, such as noise 
insulation, light and heat gain, ventilation, etc. Different to the other main parts of building envelope 
(e.g. exterior wall and roof), exterior window can be and have to be changed when owners think it is 
not brilliant and/or obsolete. So in the design process of energy-efficiency renovation, the substitution 
of old ones with poor thermal performance has to be integrated into the technically suitable 
energy-efficiency renovation plan. 
 
Therefore, only analyzing and comparing the effects of the window-substitution measures is not 
sufficient to develop a suitable plan. In reason, the substitution measures of different type window with 
good thermal performance should first be integrated into different suitable plans. Then after analyzing 
and comparing the effects of the corresponding suitable plans, the best suitable plan with most energy 
conservation, CO2 emission reduction and lest cost can be distinguished.  
 
To common residential buildings, the two types (plastic frame + double glass and aluminum frame + 
double glass) windows are widely used in energy-saving design and construction. It is not 
recommended to use this type window of plastic frame + double glass as exterior window in high-rise 
buildings for safety, because the strength of it is considered to not be able to bear the stronger wind 
power in high sky than that near ground, so only the type of aluminum frame + double glass is 
applicable for energy-saving design of Building C. 
 
To Building A, Measure 2 (in Table 3.21) has one replacer. The two measures are named as Measure 2 
(Ⅰ) and Measure 2 (Ⅱ), the corresponding suitable plans, which respectively integrate them into, as 
Suitable plan (Ⅰ) and Suitable plan (Ⅱ), and the relevant parameters also described as follows: 
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Measure 2 (Ⅰ): Plastic frame + double glass, K and SC are 2.85 W/(m2·k) and 0.70. 
Measure 2 (Ⅱ): Aluminium frame + double glass, K and SC are 3.90 W/(m2·k) and 0.80. 
Suitable plan (Ⅰ): Measure 2 (Ⅰ) + Measure 3~6 (in Table 3.21) 
Suitable plan (Ⅱ): Measure 2 (Ⅱ) + Measure 3~6 (in Table 3.21) 
 
To Building B, Measure 2 (in Table 3.23) has one replacer. The two measures are named as Measure 2 
(Ⅰ) and Measure 2 (Ⅱ), the corresponding suitable plans, which respectively integrate them into, as 
Suitable plan (Ⅰ) and Suitable plan (Ⅱ), and the relevant parameters also described as follows: 
 
Measure 2 (Ⅰ): Plastic frame + double glass, K and SC are 2.85 W/(m2·k) and 0.70. 
Measure 2 (Ⅱ): Aluminium frame + double glass, K and SC are 3.90 W/(m2·k) and 0.80. 
Suitable plan (Ⅰ): Measure 2 (Ⅰ) + Measure 1and 3~6 (in Table 3.23) 
Suitable plan (Ⅱ): Measure 2 (Ⅱ) + Measure 1and 3~6 (in Table 3.23) 
 
To the four measures and four suitable plans, the methods of thermal simulation and revision process 
were conducted to evaluate the energy-saving effects, LCCO2 analysis for CO2 emission reduction 
effects and LCC analysis for cost reduction effects. The results are shown Table 4.1~4.2. 
 
Table 4.1. Comparison of Effects of Two Replaceable Measure 2 and Suitable Plans of Building A 
Measure or Plan 
Effect on annual electricity 
conservation (kWh/a) 
Effect on CO2 emission reduction in 
next 20 years (kg) 
Effect on cost reduction 
in next 20 years (￥) 
Measure 2 (Ⅰ) 925 -38,424 -104,095 
Measure 2 (Ⅱ) -635 -28,022 -120,636 
Suitable plan (Ⅰ) 10,436 105,949~114,403 -263,247~-352,497 
Suitable plan (Ⅱ) 10,198 141,479~149,933 -265,768~-355,018 
 
Table 4.2. Comparison of Effects of Three Replaceable Measure 2 and Suitable Plans of Building B 
Measure or Plan 
Effect on annual electricity 
conservation (kWh/a) 
Effect on CO2 emission reduction in 
next 40 years (kg) 
Effect on cost reduction  
in next 40 years (￥) 
Measure 2 (Ⅰ) 3180 -15,482 -212,585 
Measure 2 (Ⅱ) 1581 21,263 -246,478 
Suitable plan (Ⅰ) 14,336 335,980 ~ 354,292 -552,446 ~ -744,722 
Suitable plan (Ⅱ) 11,561 328,041 ~ 346,353 -611,268 ~ -803,544 
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The comparisons shown in Table 4.1 and 4.2 display the importance of LCA on integration of suitable 
plans. Table 4.1 shows that the type window of aluminum frame + double glass is the better choice to 
be integrated into the suitable plan for energy-efficiency renovation of Building A. Although the annual 
energy conservation and final cost reduction in next 20 years of Suitable plan (Ⅱ) are less than that of 
Suitable plan (Ⅰ), its final CO2 emission reduction in next 20 years is more than that of Suitable plan 
(Ⅰ). Table 4.2 shows that the type window of Plastic frame + double glass is the better choice to be 
integrated into the suitable plan for energy-efficiency renovation of Building B. Whether the annual 
energy conservation, or final CO2 emission reduction and final cost reduction in next 20 years of 
Suitable plan (Ⅰ), are more than that of Suitable plan (Ⅱ). 
 
4.1.4. Value of Integration of Revision Process into Evaluation System 
It is the first time to integrate revision process into evaluation system for energy-efficient renovation. 
Revision process can make the system to produce more accurate outputs for energy-efficient 
renovation. 
 
4.1.4.1. Necessity of Revision Process 
The total heating and cooling loads in thermal simulation is far more than, 7~8 times, those in fact. It 
proves the necessity of revision process.  
 
Table 4.3. Comparison of Heating and Cooling Loads in Fact and in Thermal Simulation of Case Buildings 
Heating load Cooling load Total Heating and Cooling Loads 
Case Building Condition 
kWh/(m2·a) kWh/(m2·a) kWh/(m2·a) 
In simulation 69.47 30.21 99.68 
Building A 
In fact 3.65 10.32 13.97 
In simulation 64.52 26.26 90.79 
Building B 
In fact 5.71 6.69 12.4 
In simulation 41.57 50.47 92.04 
Building C 
In fact 6.20 7.31 13.51 
 
Table 4.3 shows that the total heating and cooling loads of the three case buildings in simulation are far 
more than those in fact. Based on the comparison shown in Table 4.3, it can be concluded without 
question that (1) The total heating and cooling loads of the subject building in thermal simulation is far 
more than that in fact, and (2) the heating load is more than the cooling load in thermal simulation, but 
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it’s reverse in fact. There are various reasons that can explain this major discrepancy.  
 
(1) The most important are the assumptions of the household lifestyles in subject buildings, which are 
very difficult to replicate in the thermal simulation program. The household lifestyle discussed here 
mainly includes the time span of turning on air-conditioners and the temperature set to turn on 
air-conditioners. In DOE2, in order to easily evaluate the heating and cooling loads of subject buildings, 
it is assumed that in the 8760 hours of one year the air-conditioners in all families in subject buildings 
are in use if the indoor thermal environment is not in the comfortable range, for example when the 
indoor temperature is higher than 26℃ in summer, or lower than 18℃ in winter. While in actual 
domestic life, it is impossible that someone is always at home and using an air-conditioner if 
uncomfortable during the 8760 hours of one year. The time span of air-conditioners left on, in fact, is 
very much shorter than that in the thermal simulation. Further, the temperature set to turn on 
air-conditioners may be lower than 18℃ in winter if warm clothes are worn, and a little higher than 26
℃ in summer if natural ventilation is sufficient. In Fig.2.8, Ta is 26℃ and Tb is 18℃ in the thermal 
simulation. Yet, in real world the setting of a comfortable temperature to control air-conditioners is 
very intricate. Ta and Tb are merely reference values given by the standards to more easily simulate 
and evaluate the energy performance of buildings. 
 
(2) Weather difference in fact and in thermal simulation. A key element in building energy simulation is 
the 8760 hourly records of weather data representative of the prevailing weather conditions. All energy 
simulation computer programs require weather data input to drive the thermal models within the 
simulation tools. For comparative studies and long-term energy estimation, a yearly weather database 
representative of the prevailing climatic conditions is often used. The typical year approach can reduce 
the computational efforts in simulation and weather data handling by using one year instead of multiple 
years. Also, a consistent form of weather data is ensured so that results from different studies can be 
compared. Typical year weather data can be established from the multi-year dataset. However, local 
outdoor weather around subject building in every year is impossible to be entirely identical in real 
world. Especially in the recent years, global warming and urban heat island make the local climate 
unstable comparing to that decade ago.   
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(3) Energy efficiency of air-conditionings. In thermal simulation program, the heating and cooling 
systems of all families in subject building are considered as centralized systems and the energy 
efficiency of them are unified as a COP 1.9 for heating and a COP of 2.3 for cooling. However, Table 
3.8 shows that all families in the three case buildings are applying split-type air-conditioning for both 
space heating and cooling, some families installed more than one unit. Certainly, the 
energy-efficiencies of all air-conditionings in the three buildings are very different. 
 
Thus, it is understandable why the heating and cooling loads in the thermal simulation are much higher 
than that in reality. 
 
On the other hand, the tolerance to cold of most residents in the hot summer and cold winter region is 
quite strong. They are likely to dress adequately in order to shelter themselves from cold in winter, and 
likewise, need not to resort to electric appliances, unless the temperature is extremely cold, for example, 
lower than 10℃. There is, also, a long historical reason as to why local residents can endure the cold. 
Before 1990, people in the region liked to wear thick clothes, and the whole family sat together around 
a coal or wood stove for heating in winter. When sleeping, they would extinguish the stove fire and 
sleep with warm and thick bed quilts. However, most people cannot tolerate the high temperature in 
summer. Likewise they want to wear as few clothes as possible and turn on air-conditioners 
immediately upon arriving home. Additionally, global warming and heat island in the city make the 
temperature higher in both summer and in winter. So it is understandable that the cooling load is more 
than the heating load in fact. However, in the thermal simulation, the heating load is more than the 
cooling load. Especially the families with less floor area will consume more energy for space cooling 
than that for spacing heating (Shown in Table 4.3). For example, Building A consumed more energy, 
about three times, for cooling load than that for heating load. Because in less volume space, artificial 
heat cannot easily release out of room, and thereby easily make indoor air temperature rise, vice versa. 
So generally, the family with less floor area will consume more energy for space cooling and less for 
space heating than those of the families with more floor area. 
 
4.1.4.2. Importance of Revision Process 
The energy-saving effects, CO2 emission reduction effects, and cost reduction effects in thermal 
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simulation are far more than those after revision. It proves the importance of revision process. 
 
Table 4.4~4.6 show that the simulative energy-saving effects of the energy-saving measures are also far 
more, about seven times, than those after revision by combining them with the actual heating and 
cooling loads of the three case buildings. 
 
Table 4.4. Energy-saving effects of Renovation Measures of Building A in Simulation and after Revision 
Heating load Cooling load Total 
Measure No. 
kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) 
In simulation 108,572 68.76 48,800 30.90 157,371 99.66 
Ri -1.03% 2.25% 1.39% 1 
After revision 5,706  3.61  16,669 10.55 22,376 14.16  
In simulation 99,701 63.14 51,098 32.36 150,799 95.50 
Ri -9.11% 7.12% 2.88% 2 
After revision 5,240 3.32 17,463 11.05 22,704 14.37  
In simulation 109,697 69.47 36,302 22.99 145,999 92.46 
Ri 0.00% -23.90% -17.65% 3 
After revision 5,766 3.65 12,406 7.85 18,172 11.50  
In simulation 87,606 55.48 43,803 27.74 131,409 83.22 
Ri -20.14% -8.18% -11.30% 4 
After revision 4,604 2.91 14,969 9.48 19,573 12.39  
In simulation 93,496 59.21 42,998 27.23 136,493 86.44 
Ri -14.77% -9.86% -11.14% 5 
After revision 4,914 3.11 14,695 9.30 19,609 12.41  
In simulation 113,297 71.75 41,797 26.47 155,100 98.23 
Ri 3.28% -12.38% -8.29% 6 
After revision 5,955 3.77 14,284 9.04 20,239 12.81  
In simulation 63,304  40.09  24,996 15.83  88,300  55.92  
Ri -42.29% -47.60% -46.21% 
Suitable 
plan 
After revision 3,327  2.11  8,543 5.41  11,870  7.51  
 
Table 4.5. Energy-saving effects of Renovation Measures of Building B in Simulation and after Revision 
Heating load Cooling load Total 
Measure No. 
kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) 
In simulation 152,522 61.34 63,409 25.5 215,932 86.85 
Ri -4.93% -2.87% -3.82% 1 
After revision 13,418 5.43  16,076 6.50 29,494 11.93  
In simulation 134,851 54.24 61,613 24.78 196,411 78.99 
Ri -15.94% -5.62% -10.37% 2 
After revision 11,864 4.80 15,620 6.31 27,485 11.11  
3 In simulation 160,426 64.52 50,271 20.22 210,697 84.74 
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Ri 0.00% -22.99% -11.06%  
After revision 14,527 5.84 12,746 5.15 27,273 10.99  
In simulation 135,498 54.5 60,906 24.5 196,429 79 
Ri -15.54% -6.70% -10.77% 4 
After revision 11,921 4.82 15,442 6.24 27,362 11.06  
In simulation 136,904 55.06 60,195 24.21 197,125 79.28 
Ri -14.66% -7.79% -10.95% 5 
After revision 12,045 4.87 15,261 6.17 27,306 11.04  
In simulation 164,102 66.6 57,080 22.96 221,236 88.98 
Ri 2.29% -12.56% -5.72% 6 
After revision 14,437 5.84 14,472 5.85 28,909 11.69  
In simulation 870,81 35.02  341,90 13.75  121,270  48.77  
Ri -45.72% -47.63% -46.75% 
Suitable 
plan 
After revision 7,661  3.10  8,667 3.50  16,329  6.60  
 
Table 4.6. Energy-saving effects of Renovation Measures of Building C in Simulation and after Revision 
Heating load Cooling load Total 
Measure No. 
kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) kWh/a kWh/(m2·a) 
In simulation 448,426 44.83 372,734 37.26 821,160  82.09 
Ri -11.17% -10.37% -10.74% 1 
After revision 48,586 5.51 57,848 6.55 106,435 12.06  
In simulation 504,891 50.47 302,693 30.26 807,584  80.73 
Ri 0.00% -27.21% -14.72% 2 
After revision 54,696 6.20 46,979 5.32 101,675 11.52  
In simulation 460,866 46.07  400,344 40.02  861,210  86.09  
Ri -8.72% -3.73% -6.02% 3 
After revision 49,927 5.66 62,134 7.04 112,060 12.70  
In simulation 446,461 44.63 378,636 37.85 825,097  82.48 
Ri -11.57% -8.95% -10.15% 4 
After revision 48,368 5.48 58,765 6.66 107,132 12.14  
In simulation 511,876 51.17 393,520 39.34 905,396  90.51 
Ri 1.39% -5.36% -2.26% 5 
After revision 55,456 6.29 61,082 6.92 116,538 13.20  
In simulation 330,719 33.06 231,583 23.15 562,302  56.21 
Ri -34.50% -44.31% -39.81% 
Suitable 
plan 
After revision 35,826 4.06  35,943 4.07  71,769  8.13  
 
 
The comparison shown in Table 4.4~4.6 reveals that: 
(1). The absolute values of the energy-saving effects of the measures in thermal simulation are highly 
exaggerated, due to the great discrepancy between the heating and cooling loads in the thermal 
 117
simulation and in fact, though the relative values of the actual energy-saving effects are assumed to be 
the same as those in the thermal simulation. 
 
(2). Among those measure by improving building envelope, the largest energy-saving potential can be 
achieved by upgrading the insulation of building envelope of the case buildings. The exterior wall, 
windows, and roof account for the envelope, protect the indoor environment from the outdoor 
environment. 
 
(3). Contrary to thermal simulation, the cooling load is more than the heating load in fact of the three 
case buildings. Thus, the total energy-saving potential after revision of the measure, whose 
energy-saving effect on reducing cooling load is more than that on heating load in simulation, more 
than those in the thermal simulation. Whereas the total energy-saving potential after revision of the 
measure, whose energy-saving effect on reducing cooling load is less than that on heating load in 
simulation, less than those in the thermal simulation. 
 
(4). Reducing the shadow coefficient of exterior windows in summer is very important. The 
energy-saving effect of the measure is almost the same as the measure of better insulation on exterior 
wall, roof, or replacement of exterior windows by the ones with better energy performance. 
 
Because the absolute values of the energy-saving effects of the measures and suitable plans of the three 
buildings after revision are much less than those in thermal simulation, it is worth further evaluating the 
environmental and economic effects of the measures and plans from the LCA viewpoint. The results of 
environmental effects are shown in Table 4.7~4.9 and those of economic effects in Table 4.10~4.12. 
The comparisons of the environmental and economic effects of the measures and plans in thermal 
simulation and after revision prove again the indispensability of revision process for accurate 
evaluation of the effects of the energy-saving measures. Compute simulation is a very important tool to 
study building energy conservation, but we should be more practical and realistic, and check the 
simulated results further by combining them with actual information of subject building, then the 
outputs can be more realistic and meaningful. 
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Table 4.7. Comparison of Final CO2 Emission Reductions of Energy-saving Measures in Simulation and after Revision in Next 20 
Years of Building A 
Measure No. 
Initial embodied 
CO2 emission [kg] 
Reduction of CO2
emission [kg/a] 
Duration
year [yr]
Renovation
times 
Final reduction of 
CO2 emission [kg] 
1 Be excluded 
In simulation 6,271 109,466 
2 
After revision 
15,948 
-604 
20 1 
-28,022 
In simulation 10,831 207,996~216,450 
3 
After revision 
85~8623 
3701 
10/20 2/1 
65,399~73,851 
In simulation 24,691 480,881 
4 
After revision 
12,948 
2370 
20 1 
34,452 
In simulation 19,862 382,464 
5 
After revision 
14,769 
2336 
20 1 
31,952 
In simulation 2185 41,290 
6 
After revision 
1205 
1738 
10 2 
32,343 
In simulation 65,645 1,260,603 ~1,269,057 Suitable 
plan After revision 
43,834 ~52,288  
9,688 
20 1 
141,479~149,933 
 
Table 4.8. Comparison of Final CO2 Emission Reductions of Energy-saving Measures in Simulation and after Revision in Next 40 
Years of Building B 
Measure No. 
Initial embodied 
CO2 emission [kg] 
Reduction of CO2
emission [kg/a] 
Duration
year [yr]
Renovation
times 
Final reduction of 
CO2 emission [kg] 
In simulation 9315 363,311 
1 
After revision 
4640 
1112 
20 2 
35,212 
In simulation 27,860 97,068 
2 
After revision 
68,160 
3021 
20 2 
-15,482 
In simulation 14,288 552,842~571,152 
3 
After revision 
92~9,339 
3223 
10/20 4/2 
128,534~110,224 
In simulation 27,843 1,098,588 
4 
After revision 
15,116 
3137 
40 1 
110,369 
In simulation 27,181 1,057,860 
5 
After revision 
14,698 
3191 
20 2 
98,224 
In simulation 4276 165,186 
6 
After revision 
1,463 
1668 
10 4 
60,858 
In simulation 99,244 3,760,957~3,779,269 Suitable 
plan After revision 
190,477~208,789 
13,619 
40 1 
335,980~354,292 
 
Table 4.9. Comparison of Final CO2 Emission Reductions of Energy-saving Measures in Simulation and after Revision in Next 40 
Years of Building C 
Measure No. 
Initial embodied 
CO2 emission [kg] 
Reduction of CO2
emission [kg/a] 
Duration
year [yr]
Renovation
times 
Final reduction of 
CO2 emission [kg] 
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In simulation 94,571 3,631,937 
1 
After revision 
75,460 
12,162 
20 2 
335,753 
In simulation 107,469 4,297,150~4,217,150 
2 
After revision 
400~40,800 
16,684 
10/20 4/2 
585,741~665,741 
In simulation 56,524 2,227,122 
3 
After revision 
33,843 
6818 
40 1 
238,878 
In simulation 90,831 3,551,476 
4 
After revision 
42,741 
11,500 
20 2 
378,197 
In simulation 14,547 567,905 
5 
After revision 
3497 
2564 
10 4 
88,577 
In simulation 340,486 13,271,306~13,351,306 Suitable 
plan After revision 
264,066~ 
344,066 45,095 
40 1 
1,455,647~1,535,647 
 
Table 4.10. Comparison of Final Cost Reductions of Energy-saving Measures in Simulation and after Revision in Next 20 Years 
of Building A 
Measure No. 
Initial 
Cost [￥] 
Energy 
saving [￥/a] 
Duration 
Year [yr] 
Pay back 
year [yr] 
Renovation 
times 
Final reduction 
of cost [￥] 
1 Excluded 
In simulation 3498 32.56 -43,932 
2 
After revision 
113,900 
-337 
20 
- 
1 
-120,636 
In simulation 6043 3.52~21.28 78,351~-10,899 
3 
After revision 
21,250~ 
131,750 2065 
10/20 
10.29~63.81
2/1 
-1203~-90,453 
In simulation 13,775 3.41 228,585 
4 
After revision 
46,920 
1322 
20 
35.49 
1 
-20,476 
In simulation 11,081 15.39 51,064 
5 
After revision 
170,550 
1303 
20 
130.86 
1 
-144,484 
In simulation 1219 51.04 -100,108 
6 
After revision 
62,244 
969 
10 
64.21 
2 
-105,099 
In simulation 36,623 10.21~12.65 358,585~269,335 Suitable 
plan After revision 
373,870~ 
463,120 5,405  
20 
69.17~85.68
1 
-265,768~-355,018
 
Table 4.11. Comparison of Final Cost Reductions of Energy-saving Measures in Simulation and after Revision in Next 40 Years 
of Building B 
Measure No. 
Initial 
Cost [￥] 
Energy 
saving [￥/a]
Duration
Year [yr]
Pay back 
year [yr] 
Renovation 
times 
Final reduction 
of cost [￥] 
In simulation 5197 3.85 167,866 
1 
After revision 
20,000 
621 
20 
32.23 
2 
-15,178 
In simulation 15,543 9.01 341,711 
2 
After revision 
140,000 
1685 
20 
83.07 
2 
-212,585 
In simulation 7971 2.87~17.80 35,012 ~ 227,288 
3 
After revision 
22,890~ 
141,918 1798 
10/20 
12.73~78.94 
4/2 
-19,646~-211,922
In simulation 15,533 5.46 536,520 
4 
After revision 
84,810 
1750 
40 
48.46 
1 
-99,613 
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In simulation 15,164 11.87 246,574 
5 
After revision 
180,000 
1780 
20 
101.13 
2 
-288,801 
In simulation 2386 31.66 -206,727 
6 
After revision 
75,537 
930  
10 
81.19 
4 
-264,931  
In simulation 55,367 15.47~18.94 1,358,310~1166034Suitable 
plan After revision 
856,370~ 
1,048,646 7,598 
40 
112.71~138.01
1 
-552,446~-744,722
 
Table 4.12. Comparison of Final Cost Reductions of Energy-saving Measures in Simulation and after Revision in Next 40 Years of 
Building C 
Measure No. 
Initial 
Cost [￥] 
Energy 
saving [￥/a]
Duration 
Year [a] 
Pay back 
year [yr] 
Renovation 
times 
Final reduction 
of cost [￥] 
In simulation 52,761 10.16 1,038,436 
1 
After revision 
536,000 
6,785 
20 
78.99 
2 
-800,588 
In simulation 59,956 1.90~10.34 1,998,250~1,158,250
2 
After revision 
100,000~ 
620,000 9,308 
10/20 
10.74~66.61 
4,2 
-27,694~-867,694 
In simulation 31,535 6.02 1,071,496 
3 
After revision 
189,884 
3,804 
40 
49.92 
1 
-227,618 
In simulation 50,674 8.68 1,147,360 
4 
After revision 
439,808 
6,416 
20 
68.55 
2 
-622,995 
In simulation 8,116 22.25 -397,616 
5 
After revision 
180,563 
1,431 
10 
126.22 
4 
-665,031 
In simulation 189,956 13.38~17.80 4,216,721~5,056,721Suitable 
plan After revision 
2,541,500~ 
3,381,500 25,158 
40 
101.02~134.41
1 
-1,535,173~-2,375,173
 
4.2. DISCUSSION OF FUTURE DEVELOPMENT OF EVALUATION SYSTEM 
4.2.1. Future Development of CFD Analysis in Evaluation System 
In future study, with development of computer hardware and software, the energy-saving effect by 
improving outdoor environment can be evaluated quantitatively through CFD analysis.  
 
CFD analysis in the evaluation system of the study can only calculate the change of outdoor air 
temperature by improving outdoor environment, but the change of energy consumption (energy-saving 
effect) cannot be quantitatively evaluated. The reason is the limitation of computer hardware memory. 
Because calculation of the energy-saving effects in one year through CFD analysis needs great amount 
RAM and time. 
 
The advantage of using vegetation for energy savings has been pointed out in a large number of 
references, but very little data can be found giving quantitative information about the effects on 
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reducing energy consumption of the surrounding buildings. However, some important consequences of 
improving outdoor environment related to actual building operation and both macro- and microclimate 
variations are not easy to evaluate using simulation alone. Estimates of the magnitude of this effect, and 
how it is influenced by urban forest structure (e.g. tree size and location), are difficult due to the 
complexity inherent in tree-sun-building interactions (Argiro et al., 2003). In future, it is hoped that 
such problem be solved with development of computer hardware and software. 
 
4.2.2. Future Development of Lifestyle Analysis in Evaluation System 
In future study, different lifestyle modes will be assumed and integrated into the evaluation system to 
predict different scenarios. 
 
Lifestyle analysis in the evaluation system only considers the influence of energy-saving education on 
occupants’ lifestyle and thereby energy consumption. But many factors influence occupants’ lifestyle, 
in the other word household energy consumption will be changed by many factors. For example, 
increase of electricity price will improve occupants’ lifestyle for consuming less electricity in domestic 
life, vice verse; occupants replace old electric appliances by more efficient ones, will consume less 
electricity in short term, but usage time of the more efficient electric appliances maybe become longer; 
With more disposable income due to economic development, occupants will become more dependency 
on energy consumption for higher life quality; on the other hand, with less disposable income due to 
economic crisis, occupants will debase their life quality and save money for basic needs. Murata et al. 
(2008) demonstrated that about 28% reduction could be achieved in the year of 2020 by means of 
improving the efficiency of these end-use appliances. 
 
Due to limitation of survey time, the information about lifestyle and electricity consumption was 
collected in short-term period, and their changes in longer time period are not considered. In future, the 
evaluation system will take into account the different lifestyle modes as aforementioned analysis. 
 
4.2.3. Future Development of LCA Analysis in Evaluation System 
4.2.3.1. LCCO2 development 
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In future study, different modes of CO2 or other detrimental gas or pollution emission will be assumed 
and integrated into the evaluation system to predict different scenarios.  
 
Due to the shortage of detail database about the conversion factors between embodied pollution 
emission and materials/energy, the evaluation system of the study uses the simple LCCO2 analysis, 
which applies current conversion factors between embodied CO2 emission and materials/electricity.  
 
The case studies prove that the positive benefit in reducing environmental loads from implementation 
of energy-efficient renovation with the currently China LCA database, in which the relevant data is 
collected from many literature, and the available data is very limited. In future, with the advancement 
of technology and the stricter China policies about environmental management, the conclusions may be 
changed: 
 
1) Less conversion factors between embodied CO2 emission and materials for technology advancement, 
will make energy-efficient renovation more attraction. Less conversion factors between embodied CO2 
emission and materials will reduce the initially embodied CO2 emission for implementation of 
energy-efficient renovation, and the finial benefit will increase. 
 
(2) Levying tax for CO2 emission will make energy-efficient renovation more attraction. Ashina et al. 
(2008a and 2008b) concluded that the carbon-tax refund effectively encouraged reductions in CO2 
emissions in the residential sector in Iwate prefecture of Japan. Hence, levying carbon-tax may 
accelerate the development of building energy efficiency and the implementation of energy-efficient 
renovation of existing residential buildings. 
 
(3) Less conversion factor between embodied CO2 emission and electricity for technology 
advancement will make energy-efficient renovation less attraction. In China, more than 70 percent of 
electricity is generated by combusting coal (He et al., 2002). With the advancement of technology 
(Wang et al., 2009 and Skeer et al., 2006) and more renewable energy source for electricity generation, 
such as nuclear power plant, hydroelectric generation, etc., the conversion factor between embodied 
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CO2 emission and electricity will become less. From the large scale—national standpoints, it is very 
beneficial to whole country and society for energy security and environmental protection. But less 
conversion factor between embodied CO2 emission and electricity will also reduce the saving of CO2 
emission due to electricity consumption in operational stage after energy-efficient renovation, hence 
such renovation will become less attractive. 
 
(4) Other detrimental gas (such as SO2, NOx, etc.) or pollution emission will be integrated into the 
evaluation system for more comprehensively evaluate the effects of energy-efficient renovation. 
 
4.2.3.2. LCC development 
In future study, different prices of materials, electricity and reconstruction will be assumed and 
integrated into the evaluation system to predict different scenarios. 
 
Because China energy market and price is under the control of government, the evaluation system uses 
the simple LCC analysis. It applies currently market price of materials, electricity, and reconstruction, 
no change in residual life cycle after renovation, and not considers the factors: (1) inflation, (2) interest 
of initial investment, (3) future increase of electricity price due to energy shortage, (4) less initial 
investment of energy-saving for technology advancement.  
 
The case studies prove the negative benefit in economy from implementation of energy-efficient 
renovation by using the current electricity price. If, after accepting the advice of the study, the central 
and local departments of electricity managements of China maybe decide to increase the electricity 
price, the results of the study will vary. 
 
4.3. SUMMARY OF IMPORTANT FINDINGS OF CASE STUDIES 
The aforementioned parts of this chapter have analyzed the value of the evaluation system in the design 
phase of energy-efficient renovation. It is very certain that without the direction of the comprehensive 
evaluation system developed by the study, a successful design and implementation of energy-efficient 
renovation for actual such projects is impossible. Otherwise, some adverse things will happen: 
workload is too large, useless energy-saving measures are integrated into the suitable plans, CO2 
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emission and cost reduction effects are not optimal, energy-saving effects and thereby CO2 emission, 
cost reduction effects are exaggerated too much, etc. 
 
Table 4.4~4.6 show that the total energy consumption for heating and cooling heating of the suitable 
plans, which integrates the energy-saving measures only by improving building envelope, can be 
reduced by about 40%. The results comply with the standards CJS03-2002 (Hangzhou Construction 
Committee, 2002), which require 30% reduction of heating and cooling loads by improving building 
envelope. Considering the energy-saving effect by improving occupants’ lifestyle, the reduction ratio 
will increase to more than 46%. If continuously considering the energy-saving effect by improving 
outdoor environment, the value will increase too, although the energy-saving effect by improving 
outdoor environment cannot be evaluated quantifiably. Therefore, it ascertain that following the 
comprehensive evaluation system, a suitable energy-efficient renovation plan can be brought out for 
subject building, its energy-saving effect can be evaluated accurately and comply to the requirements 
of relevant building energy-saving standards, and foremost, its CO2 emission reduction effect can be 
maximized with least cost. 
 
At the same time, the case studies have revealed many important findings. Of those, the two most 
important findings are the negative benefits in economy from the implementation of energy-efficient 
renovation and the importance of improving occupants’ lifestyle in the implementation of 
energy-efficient renovation.  
 
4.3.1. Economic Barrier to Implementation of Energy-efficient Renovation 
The negative benefits in economy from the implementation of energy-efficient renovation (Shown in 
Table 3.42~3.47) imply that it is very difficult to persuade the decision-makers and/or investors to carry 
out such projects. The direct reason is the too cheap electricity price of China. The corresponding 
advices are to (1) provide subsidy by governments to implementation of energy-efficient (advice for 
present); (2) develop rational energy price system and policy (advice for future); and (3) strengthen 
energy-saving education to improve public energy-saving consciousness (advice for future). 
 
The benefits in energy conservation and CO2 emission reduction of the suitable plan for the three 
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buildings (Shown in Table 4.7~4.9) indicate that the suitable plans are worth being implemented to 
conduct energy-efficient renovation for the three buildings, from the viewpoint of energy conservation 
and CO2 emission reduction effect. However, from an economic perspective, it is very disappointing 
that the effects of cost reduction of all measures (including the suitable plan) are negative following 
revision (Shown in Table 4.10~4.12).  
 
Previous studies about energy efficiency have focused on the dramatic decline in the energy 
consumption. But the above results show the limitation of energy-saving technologies or measures to 
reduce heating and cooling loads for the initial and relative maintenance investment. It is necessary for 
energy researchers and decision-makes to understand the links between energy prices and energy 
efficiency. Only two possibilities or reasons can explain the big difference in economic benefits in 
thermal simulation and after revision: (1) the price of the energy saving measures is too expensive; (2) 
the price of the electricity in China is too cheap. Because any measure’s effect on reducing cost is 
negative, the former is impossible. The only residual reason is the latter, which most literature also 
attributes China’s inefficient use of energy to.  
 
Currently, the concern of policy makers is to raise energy prices to promote higher energy efficiency in 
China and other countries. Birol et al. (2000) thought that energy efficiency was the critical parameter 
for policies that aim to reduce energy consumption while maintaining or even boosting economic 
growth. Lam (2004) took a cost analysis based on data published by the State Power Corporation and 
indicated that electricity prices in China were highly subsidized and below the average total costs of 
generation and transmission. Wang (2007) ascribed the low electricity price in China to the monopoly 
of the electricity industry and excessive invasion of government. Joelsson et al. (2008) considered that 
the electricity tax had a significant influence on the implementations of energy-saving measures for 
existing Sweden detached houses, made them more competitive and encouraged house owners to 
reduce their electricity use. And found that the reduction of the electricity tax in the northern part of the 
country reduced the competitiveness of the energy-saving measures. Amstalden et al. (2007) concluded 
that increasing energy price had a significant influence on economic potential of house envelope 
measures in Swiss building stock; and higher energy prices would increase the incentives for house 
envelope measures. Huang et al. (2007) thought that raising energy prices to boost efficiency of energy 
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use was an effective policy tool in China. So it is implied that the too cheap electricity price will 
hamper the implementations of the energy saving measures for the subject building at present.  
 
If the governments increased the electricity price, it would accelerate the development and 
implementation of energy efficiency in China, and energy-efficient renovations of the existing 
buildings with bad thermal quality as soon as possible would maximize the effects of reducing energy 
consumption, CO2 emission, and shortening the pay back years of investment, together with improving 
the indoor thermal quality. However, the impacts of raising energy prices are multidimensional. Indeed 
increasing prices will improve energy efficiency and increase energy supply of China, but it will also 
add more burdens to vulnerable households for the big gap between the poor and the rich in China. 
Additionally, the unique features and important position of electricity, long history of electricity 
shortage and great pressure from interest monopoly groups, and so on, are great challenges for the state 
government to raise electricity price. Given the strong social sensitivity of energy prices as well as the 
possible shocks to the Chinese economy, it is impossible for policy makers to raise electricity prices 
straightway for energy efficiency.  
 
This analysis illustrates a fundamental dilemma for the process of setting energy-efficient standards for 
buildings in economies in which increasing prosperity is expected to lead to higher levels of comfort. 
From a national perspective, it is rational to set standards at levels that are economically justifiable at 
the expected higher comfort levels, but this means demanding investments that are not cost-effective 
under current conditions. This is one facet of the range of issues that stem from the long life of most 
buildings, during which many changes (including of energy price) are likely.  
 
If the income of occupants could afford more comfortable living standard, nobody can prevent them 
from consuming more electricity. And the People’s Government of Zhejiang Province (2005) decided 
to upgrade the target of residential energy saving from 50% to 65% in 2008 in Hangzhou city, so there 
is no intermediate level of comfort for later upgrading. 
 
For new buildings, the costs fall on the builder and, ultimately on his customers. This is often 
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considered acceptable (at least implicitly) but this is often in the context of relatively small differences 
of cost compared to China. In principle, the governments can request estate developers to pay for the 
construction of new energy-efficient buildings by relative building codes or regulations. For existing 
buildings there is the additional complication that applying demanding requirements without financial 
incentives may result in desirable but lesser improvements not being done.  
 
The distribution of the benefit of energy-efficient renovation should be taken into account in order to 
ensure the successful implementation of energy-efficient renovation, social steadiness and harmony. 
However, the popular and radical principle in market economy “who benefit who pay” is not 
appropriate in this case in China. Because of the too cheap electricity price, the possible bill-payers are 
the owners of the corresponding buildings and the governments. Although the occupants of the subject 
buildings are the possibly direct beneficiaries, who will enjoy less domestic budget and more 
comfortable indoor environment, they are not like to pay for such projects for the same reason. 
Therefore, it is the governments’ mission to provide certain subsidy for the investment gap of 
energy-efficient renovation under current conditions, if there are not new advanced technological 
reforms to provide more effective and cheaper energy saving measures. After all, China government is 
the ultimate beneficiary from the long-term perspective. Energy conservation and thereby environment 
benefits, as well as social stabilization, are very important for government to develop economy and 
others. 
 
The oversea and domestic environmentalists will appreciate the steadfast determination of Chinese 
governments to reduce energy consumption and CO2 emission, even unbeneficial in economy. And 
because of the direct benefits of less electricity bill and more comfortable indoor environment, the 
residents will be grateful to and cooperate harmoniously with the governments to implement the 
renovations with energy saving measures, despite of the inconvenience to their normal domestic life in 
the course of renovation. The economists of China will demur to the opinions for not complying with 
the market rule.  
 
Of course, this way cannot always work well, it is hoped that the market system will dominate the 
implementation of energy savings finally with years. We will also recommend the governments to 
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increase the electricity price gradually and appeal to them for more rational energy price system, and 
introduce to common people the importance of energy savings to both nation and individual and appeal 
to them for cherishing energy and the environment around them. 
 
4.3.2. Importance of Improving Occupants’ Lifestyle 
The comparison of the effects of improving building envelope and occupants’ lifestyle of the three case 
buildings shows the importance of importance of the latter on energy conservation, CO2 emission and 
cost reduction in energy-efficient renovation.  
 
Table 4.13. Comparison of Effects of Improving Lifestyle and Building Envelope of Building A 
Field 
Effect on annual electricity 
conservation (kWh/a) 
Effect on CO2 emission 
reduction in next 20 years (kg) 
Effect on cost reduction
in next 20 years (￥) 
Improving Building Envelope 10,436 105,949~114,403 -292,227~-381,477 
Improving Lifestyle 6477 122,487 68,335 
 
Table 4.14. Comparison of Effects of Improving Lifestyle and Building Envelope of Building B 
Field 
Effect on annual electricity 
conservation (kWh/a) 
Effect on CO2 emission 
reduction in next 40 years (kg) 
Effect on cost reduction
in next 40 years (￥) 
Improving Building Envelope 14,336 335,980~354,292 -552,446~-744,722 
Improving Lifestyle 8678 329,753 183,967 
 
Table 4.15. Comparison of Effects of Improving Lifestyle and Building Envelope of Building C 
Field 
Effect on annual electricity 
conservation (kWh/a) 
Effect on CO2 emission 
reduction in next 40 years (kg) 
Effect on cost reduction
in next 40 years (￥) 
Improving Building Envelope 47,468 1,455,647~1,535,647 -1,535,173~-2,375,173
Improving Lifestyle 28,721 1,091,379 608,875 
 
The technical measures can save the electricity consumption only for space heating and cooling, while 
changing occupants’ behavior can save the electricity consumption for all purposes in theory. Based on 
the results in Table 3.17~3.19, the effect on saving annual electricity consumption by improving 
occupants’ behavior is assumed 10% of all electricity consumption of the three case buildings. It will 
be compared with that by improving building envelope, as well as the effects on reducing CO2 
emission and cost in residual life cycle of the three case buildings after energy-efficient renovation 
(shown in Table 4.13~4.15). The annual electricity consumption from March 2007 to February 2008 of 
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the buildings is assumed as the baseline and will not changed with years. 
 
Although the effect on reducing electricity consumption by improving occupants’ lifestyle is less than 
that by improving building envelope, the effect on reducing CO2 emission in residual life cycle by 
improving occupants’ lifestyle is almost the same as that by improving building envelope, because 
improving occupants’ lifestyle does not need any initial CO2 emission. And the most attractive point of 
changing occupants’ lifestyle is that it can be accomplished with noticeable benefit in economy but no 
additionally initial invest. And the effect can appear quickly with no or receivable reduction of living 
standard, while it will cost some months to conduct energy-saving renovation for the buildings.  
 
Therefore, the comparison suggests that some effort should be shifted from pursuing the most advanced 
technologies to optimize the activities of energy utilization. The local government, authoritative 
institutions and universities, public media, etc. should provide sufficient information about energy 
savings and encourage common citizen to form a good habit of saving energy in everyday domestic 
life. 
 
4.3.3 Energy Performance of Residential Buildings of Hangzhou 
4.3.3. 1. Actual Energy Consumption Level 
The actual energy consumptions in three units (e.g. kWh/(household·a), kWh/(person·a), kWh/(m2·a)) 
of the three case buildings in survey time are summarized in Table 4.16. Table 3.2 and Table 3.3 have 
analyzed the typical characteristic of the three case building in all existing residential buildings of 
Hangzhou; Table 3.7 has proven the residual subject households in the survey can represent all the 
households in the city in terms of household structure. So the actual energy consumption of the three 
case buildings can be considered as the actual energy consumption level of the existing residential 
buildings of the city. 
 
Table 4.16 shows household energy consumption in unit kWh/(household·a), as well as that in unit 
kWh/(person·a), increases with floor area of household, but that in unit kWh/(m2·a) decreases for more 
people living in same floor area. So only using one unit to describe household energy consumption is 
not sufficient. 
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Table 4.16. Actual Energy Consumption of Three Case Buildings 
Unit Building A Building B Building C
kWh/(household·a) 2149 3099 3263 
person/household 2.67 3.60 3.61 
kWh/(person·a) 805.88 860.86 905.03 
m2/household 52.66 88.29 100.30 
kWh/(m2·a) 40.81 35.10 32.54 
 
 
 
 
 
 
 
 
Fig.4.2. Comparison of Building Energy Consumption (unit: kWh/(person·a)) of Different Countries in 2003 
(Resource: Energy International Administration, International energy outlook 2006, 2006. Rearranged by author) 
 
 
 
 
 
 
 
Fig.4.3. Comparison of Building Energy Consumption (unit: kWh/(m2·a)) of Different Countries in 2003 
(Resource: Energy International Administration, International energy outlook 2006, 2006. Rearranged by author) 
 
Fig.4.2 and Fig.4.3 compare the building energy consumption, respectively in units: kWh/(person·a) 
and kWh/(m2·a), of different countries in 2003 (Energy International Administration, 2006). The actual 
energy consumption level in unit kWh/(person·a) of the residential buildings in Hangzhou is a little 
more than that shown in Fig.4.2, which is the average datum of all China buildings. The energy 
consumption level of the residential buildings in China rural area is far less than that of the China urban 
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residential buildings for lower income, living standard and less dependency on electricity consumption, 
and reduce the average value of whole China. Because the energy consumption levels of other types 
(office buildings, industrial buildings, etc.) of China are more than that of residential buildings (Jiang, 
2008), the actual energy consumption level in unit kWh/(m2·a) of the residential buildings in the city is 
in the range of 30~45 kWh/(m2·a) shown in Fig.4.3.  
 
Due to the lower per capita GDP and living standard, the building energy consumption level of China, 
as well as other developing countries (such as India, Brazil, etc.), is far lower than those of the 
developed countries (such as USA, West Europe, Japan, etc.) (Shown in Fig.4.2). However, with the 
economic development of China and the improvement of people living standard the building energy 
consumption level of China will continue increase to increase, which had been identified in Fig.2.5. 
Therefore, building energy efficiency improvement is very important and gives great contribution for 
future development of China. 
 
4.3.3.2. Actual Heating and Cooling Loads 
The results of the actual heating and cooling loads of the three case buildings summarized in Table 3.16 
are very consistent with the results of Wu (2005). The heating and cooling loads account for more than 
one-third of total energy consumption, about 13.00 kWh/(m2·a). 
 
The proposed building energy-efficiency standard CJS03-2002 (Hangzhou Construction Committee, 
2002) is that the total heating and cooling loads of a given energy-saving residential building in 
Hangzhou should be not more than 56.40 kWh/(m2·a). Although the values of the three buildings meet 
the request of standard, the three buildings cannot be thought of as an energy saving residential 
building. Because it is ascertained that the three buildings are really not energy-saving buildings after 
their thermal performances had been analyzed in Part 3.2.2 of the paper. The value (56.40 kWh/(m2·a)) 
recommended in the standard is misleading. Hence, the relevant energy-efficient standards should take 
the actual energy consumption level of buildings into account when evaluating the energy performance 
of subject buildings, not only relying on computer simulation.  
 
4.3.4. Technical Suitable Plan for Energy-efficient Renovation of Existing Buildings 
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The most suitable plan should be a blend of the most promising measures dependant on the analysis of 
the effects on energy conservation, CO2 emission reduction of the feasible measures. The possible 
suitable energy-efficiency renovation plan for Hangzhou existing residential buildings should include 
the measures as follows: 
 
(1) Insulation of the roof by adding insulation material onto the roof. This measure appears to be the 
most effective measure with a high impact on heat and cold demands, in terms of energy conservation 
and CO2 emission reduction, since roof surface represents a large part of building envelope. The 
insulation layer should be safeguarded by reinforced concrete and light colored paint or ceramic tile 
applied to reduce the absorption coefficient of sunshine. 
 
(2) Insulation of exterior windows by substituting plastic or aluminium double windows for old ones. 
Because the thermal performance of the existing windows is usually the least favorable part of building 
envelope, and the windows account for a considerable part of the envelope, heat exchange occurs quite 
easily through the weakly resistant windows. Additionally, sunshine also affects the interior 
temperature of the building. The present window frames, especially made from aluminum, are 
excellent for transmitting heat, but disadvantageous in preserving it, and should in any case be 
replaced. 
 
(3) Insulation of the exterior walls by installing insulation material on them. Exterior walls account for 
the greatest portion of building envelope, so their thermal performance directly determines whether the 
interior environment is comfortable or not. Also the insulation layer should be safeguarded by cement 
mortar and the surface of exterior walls covered by a light colored paint or ceramic tile to reduce the 
absorption coefficient of sunshine. 
 
(4) Reducing the shadow coefficient SC in the summer by utilizing unfixable curtains or blinds. In 
order to acquire the optimum result, an analysis like that done above must be completed. The reason for 
this is that various curtains or blinds made from different materials will have various results. Some of 
which may be unfriendly to the environment, and/or uneconomical as well. 
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(5) Reducing the shape coefficient of the building by enclosing the stairs. The measure is supposed to 
provided a transition space for occupants between comfortless outdoor and comfortable indoor in 
extremely weather. But the case of Building A indicates that enclosing the stairs might influence natural 
ventilation for heat release and increase cooling load, if most of the families in subject building is of 
less floor area. 
 
(6) Once new painting of exterior facades of existing building to ensure an attractive building 
appearance was a main resort in past renovation cases. The study have proven the value of new 
painting of exterior facades of existing building with light color on reducing cooling loads, thereby 
energy consumption, especially for the buildings with more cooling load than heating load. 
 
Additionally, the measures of adding green area surrounding building should also be integrated into the 
technically suitable energy-efficiency renovation of existing residential buildings. Other than air 
temperature of outdoor environment surrounding building and thereby its energy consumption reduce, 
the comfortable outdoor environment will attract occupants to spend more time out of home and 
consume less electricity at home. 
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CHAPTER 5: 
CONCLUSIONS AND RECOMMENDATION 
 
5.1. CONCLUSIONS 
In the foreseeable future, many existing residential buildings of China will face such retrofit with 
energy efficiency improvement taken into account, under the more serious conditions of national 
energy shortage and globally environmental deterioration. Chinese researchers of building energy field 
analyzed the energy-efficient renovation of existing residential buildings according to the standards 
issued mainly for new buildings. The wrong outputs of those researches would lead to improper 
energy-efficient renovation plans and wrong nation policies or standards for dealing with existing 
residential buildings. And the experience of the developed countries cannot be applied indiscriminately 
because of the great discrepancies in resident lifestyle, custom, energy and construction system, etc. In 
addition, the existing methodologies in the developed countries are partial in that the energy-saving 
measures by improving outdoor environment around buildings and improving occupants’ lifestyle are 
not combined with energy-efficient renovation of existing residential buildings. Therefore, it is very 
crucial and essential to develop a comprehensive evaluation to direct energy-efficient renovation of 
existing residential buildings of China.  
 
After analyzing the correlation among building envelope, occupants’ lifestyle, surrounding outdoor 
environment and building energy consumption, the study developed a comprehensive evaluation 
system. Following this system, to some subject building, a suitable plan can be brought out and its 
effects on energy conservation, CO2 emission and cost reduction can be accurately evaluated. 
 
(1) The system advances the energy-saving measures for energy-efficient renovation of existing 
buildings, from the three routes: improving building envelope, occupants’ lifestyle and outdoor 
environment around building; 
 
(2) The system applies thermal simulation, lifestyle analysis and CFD analysis to evaluate, respectively, 
the energy-saving effects of the measures from the three routes; 
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(3) The system modifies the simulative energy-saving effects of the measures to be more accurate by 
combining the actual energy consumption level of subject building; 
 
(4) The system applies the simple LCCO2 method to evaluate CO2 emission reduction effects of the 
measures. 
 
(5) The system integrates all feasible and effective measures into the suitable plan for subject building, 
after excluding the unfeasible and useless ones, based on the energy-saving effects and CO2 emission 
reduction effects of the measures; 
 
(6) The system evaluates the energy-saving effect, CO2 emission and cost reduction effects of the 
suitable plan for subject building, by integration of thermal simulation, CFD analysis, lifestyle analysis, 
revision process, LCCO2 analysis and LCC analysis. 
 
The system has been proven an appropriate methodology to direct the energy-efficient renovation of 
existing residential buildings by taking three existing buildings in the city of Hangzhou of China as 
case studies. In the process of verifying the system, some conclusions are drawn as follows: 
 
(1) 95 percent of urban existing residential building of Hangzhou (about 47.5 million m2) are of poor 
energy performance. Almost all of the residential buildings constructed before 2001 and without energy 
savings taken into account in Hangzhou face comprehensive renovations in the coming years. The 
resulting benefits will positively affect both a reduction in energy consumption and environmental load 
by following the evaluation system developed in the study to find the suitable plan for every existing 
residential building. 
 
(2) A great potential for energy savings, thereby greenhouse gas emission reduction, exists in 
energy-efficient renovation of Chinese residential buildings due to the fact that many structures were 
constructed before 2001 when the first important demands regarding the energy performance of 
buildings were introduced. From the viewpoint of reducing energy consumption and CO2 emission, 
energy-efficient renovation is worth being implemented to upgrade existing buildings. 
 136
 
(3) Thank to the relative low living standard of China, compared to that of the developed countries, the 
annual household energy consumption is 30~45 kWh/(m2·a), about 1/6—1/4 of Japan, America, West 
Europe. But more electric appliances will be bought and more energy be consumed, along with the 
increase of household disposable consumed for more comfortable lifestyle. 
 
(4) Of all household energy consumption, one-third (about 13.0 kWh/(m2·a)) are consumed for heating 
and cooling loads. It is far less than, only 1/8—1/7 of that calculated by simulation program—DOE2. 
The simulative results are exaggerated too much too much for the great discrepancy of the heating and 
cooling loads of subject between in fact and in thermal simulation, and it is very essential to modify the 
simulative energy-saving effects by combining with the actual energy consumption level of subject 
building. So it is necessary to make clear the actual heating and cooling loads of subject building, and 
revise the simulative outputs by applying them. Site investigation of actual electricity consumption 
level of subject building is very important to evaluate accurately the effects of the energy saving 
measures for it. 
 
(5) The cooling load is more than the heating load of residential buildings in fact in the hot summer and 
cold winter region, so the effect on reducing the cooling load should be taken more seriously than that 
on reducing the heating load, if evaluating the performance of energy-saving measure. So to reduce 
shadow coefficient of exterior windows in summer is very important, together with upgrading the 
insulation performance of the existing buildings’ envelope. 
 
(6) Improving building envelope can save 30~50% of heating and cooling loads of existing residential 
buildings.  
 
(7) Improving surrounding outdoor environment can reduce about 0.5℃ of the mean air temperature 
of outdoor environment around subject buildings. 
 
(8) Improving occupants’ lifestyle can save more than 10% of all household energy consumption. 
Correlation analysis of the electricity uses and the variables of household lifestyle indicate the close 
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relationship between them. However, it is very difficult to predict the electricity use of some certain 
household because of the multi-effects of many variables on it. Increase of public awareness on energy 
efficient is very important and can indeed bring energy conservation, if occupants are informed of 
tangible energy-saving measures in domestic life. Comparison of the effects on reducing electricity 
consumption, CO2 emission and cost of the technical measures and improving occupants’ lifestyle, 
highlights that the effects on reducing energy and environmental load by improving occupants’ 
behavior are found to be significant, the benefit in economy is noticeable but the cost is minimal, really 
economical and timesaving. So the domestic activities of occupants deserve further attention and 
optimization, and some effort should be shifted from the high-technological measures to the seemly 
low-technological measures in ordinary domestic life. Moreover, it can be expected to reduce rebound 
effect and maximize the energy-saving effects of technical measures. The importance of improving 
occupants’ lifestyle through energy-saving education on reducing house electricity consumption is a 
very typical blind spot for many researchers and governmental managers in China, who are very 
addicted to advanced technologies on energy savings. 
 
(9) From economic view, the effects of cost reduction of all technically energy-efficient renovation are 
negative. The currently electricity price system of China hampers the development of energy saving 
implementations in residential sector in China, and the governments should provide certain subsidy for 
the energy saving renovations of existing residential buildings, and increase the electricity price 
gradually. 
 
5.2. RECOMMENDATIONS 
Since the renovation of existing old residential buildings is unavoidable now and in the near future, it is 
prudent to take into account the renovation and energy savings as a whole in order to increase the 
attractiveness and positive consequences of energy saving renovations. As such, there is expected to be 
a shift in emphasis from improving the energy efficiency of new residential buildings towards the 
renovation and maintenance of existing ones. 
 
Since improving occupants’ lifestyle through energy-saving education has great advantage for energy 
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conservation, the domestic activities of occupants deserve further attention and optimization, and some 
effort in building energy study and financial support should be shifted from the high-technological 
measures to the seemly low-technological measures in ordinary domestic life. 
 
Computer simulation is a very important tool to study building energy conservation, but we should be 
more practical and realistic, and check the simulated results further by combining them with factual 
information of the buildings, then the outputs can be more realistic and meaningful. 
 
5.3. LIMITATION AND FUTURE STUDY 
Although the original objective of developing the evaluation system is to direct the existing residential 
buildings in the hot summer and cold winter region, it is expected that the system can be applied more 
extensively after its limitations are to be recovered as follows: 
 
(1) Due to the limitation of current computer hardware memory, CFD simulation only can evaluate the 
effect of improving outdoor environment for a very short time (one second, one minute or one hour). 
But in general, the energy-saving effect of energy-saving measure or plan is evaluated for one year 
with a cycle of local climate. In future, with the development of computer hardware and software, the 
evaluation system is expected to evaluate not only the temporal change of the parameters (such as air 
temperature, wind flow, humidity, etc.), but also the energy-saving effect of the measures in one year. 
 
(2) Due to the limitation of study time, the information about lifestyle and electricity consumption was 
collected in short-term period and their changes in longer time period are not considered. In reason, 
with economic development and living standard improvement, occupants’ lifestyle will change and 
become more dependency on electricity appliances, and then usage time of them will be longer. At the 
same time, with advancement in technology, electricity appliances will be more efficient. The influence 
of lifestyle change on electricity consumption will be evaluated in future study after a longer time 
survey for accurate prediction.   
 
(3) Although in the process of developing the evaluation system, the correlation among surrounding 
outdoor environment, indoor environment and energy conservation, and the correlation among 
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technical measures, occupants’ lifestyle and energy conservation had been analyzed, the evaluation 
system only evaluates individually the three energy-saving routes (improving building envelope, 
improving occupants’ lifestyle and improving outdoor environment), and not reflects the mutual 
interrelation among them. In future study, the mutual influence among outdoor environment 
improvement, indoor environment improvement, occupants’ lifestyle improvement and energy 
conservation will be clearly manifested in the evaluation system. 
 
(4) In the evaluation system, only the energy-saving measures developed from the three routes. The 
evaluation system needs to be extended to evaluate the other two routes (improving energy efficiency 
of equipments or applying renewable energy resources) and can be applied in different climates and 
local resources in China, even in other countries. For example, in North China centralized heating 
system is expected to save great amount energy through improving energy efficiency of the heating 
equipments, then the evaluation system can be applicable. 
 
(5) The capacity of the evaluation system will be expanded to evaluate the energy-efficient renovation 
of existing other types buildings (office building, hotel, shop, etc.), and the energy-efficient 
construction of new buildings. 
 
Additionally, the results of the study are limited due to the lack of a comprehensive Chinese database 
on the conversion factors between various energy/materials and embodied energy/CO2 emissions. It is 
expected that a Chinese database will soon be available in order to promote energy savings in all 
sectors of China. 
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